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The need to improve early mathematics education in the United States is very clear, given 
the importance of early mathematics learning and the consistently poor math performance of 
children from low-SES backgrounds. It is crucial to engage these disadvantaged children in 
meaningful math learning as early as possible. With the continuous infiltration of technology into 
our lives, the powerful affordances of tablet computers may enable the development of powerful 
math applications. Given the limited evidence of using well-designed math applications to 
enhance young children’s math learning, the primary goal of this dissertation was to examine the 
efficacy of a research-based math software application on low-income preschoolers’ number 
sense performance. Twenty-eight 4- to 5-year-old intervention participants completed 
MathemAntics (MA) training 15 minutes a day, 3 days a week for 4 weeks. The other 28 control 
participants stayed in their classroom and received general class instruction. All participants 
were given a pretest and a posttest to evaluate their number sense performance. Results indicated 
that the intervention group outperformed the control group on number sense assessment, and the 
intervention participants’ mean standardized Addition & Subtraction gain was the highest among 
the seven subtests, with the mean Standardized Compare Quantities gain being the lowest. 
Results also indicated that prior knowledge of identifying numerals predicted the overall post-
assessment performance and the lack of knowledge on Addition & Subtraction predicted the 
standardized overall gain. The MA training analyses showed that the participants improved 
adequately on most of the MA activities during intervention. The use of MA tools was also 
discussed. The results provided direct evidence for demonstrating the efficacy of MA and added 




that future studies can examine how the MA activities can be effectively integrated into the math 
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The Need for Improving Early Mathematics Education 
In recent years, early mathematics education has received the worldwide attention of 
researchers, educators, and policymakers. One critical fact and two social concerns have 
contributed to the wave. First, early mathematics performance predicts future achievement 
(Duncan et al., 2007). Much evidence suggests that kindergarten math performance is closely 
related to later elementary school math and reading achievement (Duncan et al., 2007; Romano, 
Babchishin, Pagani, & Kohen, 2010). These early math skills are associated with future 
achievement because they serve as the foundation for more advanced skills (Entwisle, Alexander, 
& Olson, 2005). Specifically, number sense proficiency at school entry strongly predicts year-end 
math assessment in first grade (Jordan, Kaplan, Locuniak, & Ramineni, 2007). However, when 
early mathematics difficulties persist, the effect on educational problems could be long-term, and 
even extended to high school, college attendance, and career life (Duncan & Magnuson, 2011; 
Watts, Duncan, Siegler, & Davis-Kean, 2014). 
Second, it is highly concerning that the math performance of American students is 
consistently weaker than that of their international peers on the world stage (Stigler, Lee, & 
Stevenson, 1990). In the recent 2018 Program for International Student Assessment (PISA) for 
high schoolers, the United States ranked only 37th in mathematics among 78 developed and 
developing countries (Organisation for Economic Co-operation and Development [OECD], 2019), 






better on a similar cross-national assessment, the Trends in International Mathematics and Science 
Assessment (TIMSS). The U.S. fourth grade math scores stayed above the 2015 international mean 
but were still weaker than those top performers from developed countries in Asia and Europe 
(Serino, 2017). These mediocre results were unsatisfactory, at least for such a strong nation. 
Although students who participated in PISA are in high school, researchers suggest that the gap  
in mathematics success perhaps starts as early as preschool (Miller & Parades, 1996) and 
kindergarten (Stigler, Lee, & Stevenson, 1990). This further supports the importance of early math 
skills and their long-term effect. 
Third, it is also concerning that the mathematics achievement of U.S. students within the 
nation is very uneven. Children from low-SES backgrounds consistently show lower math 
performance than their peers from middle- or upper-SES backgrounds (Jordan, Kaplan, Olah, & 
Locuniak, 2006). Research has suggested that the gap was found on number sense (Jordan, Kaplan, 
Olah, & Locuniak, 2006), knowledge of arithmetic (Denton & West, 2002), verbally presented 
problems (Jordan, Huttenlocher, & Levine, 1992), ability to explain mathematical ideas (Jordan, 
Huttenlocher, & Levine, 1992), geometry, and measurement (Starkey, Klein, & Wakeley, 2004).   
In fact, the current situation of early mathematics education in the United States is even 
more complex and difficult than normally assumed (Ginsburg, Lee, & Boyd, 2008). First, 
preschool environments vary in quality (Harms, Clifford, & Cryer, 1998). Many preschools do not 
provide children with a rich environment that supports children’s mathematical thinking 
development (Frede, Jung, Barnett, Lamy, & Figueras, 2007). Second, early childhood teachers do 
not focus much on math in their classrooms (Pretti-Frontczak & Johnson, 2001). Sometimes when 






reading activity or music lesson (Clements & Sarama, 2011). This leads to a low-quality math 
learning experience due to the lack of explicit engagement in math concepts, procedures, and 
practices (Clements & Sarama, 2011). Third, parents are not giving enough support to their child’s 
math learning (Anthony & Walshaw, 2007). Although parental involvement is positively related to 
children’s later math achievement (Lefevre et al., 2009), the effect can be negative when parents 
themselves are not good at or anxious about math (Hyde, Else-Quest, Alibali, Knuth, & Romberg, 
2006). 
Therefore, given the importance of early mathematics learning and the current situation of 
early mathematics education in the United States, the need to improve it at all levels is very clear 
(Ginsburg, Lee, & Boyd, 2008). In particular, it is important to promote the math learning of 
children with low-SES backgrounds. Fortunately, new curricula, like Big Math with Little Kids and 
Building Blocks, based on cognitive developmental research evolved over the past several years, 
have become one of the means for teaching high-quality mathematics to young children (Clements 
& Sarama, 2007; Ginsburg, Lee, & Boyd, 2008). The Common Core math standards, released in 
2010, also add value by establishing consensus on expectations and needs (Porter, McMaken, 
Hwang, & Yang, 2011). In addition, other resources from the educational technology field have 
become another means. The following section summarizes the role of technology in education, the 
powerful affordances of touchscreen devices, and the potential promising effect of math 
applications on young children’s math learning.  
Educational Technology as a Resource 
 
The incorporation of technology into education can be traced back to the early 1900s. 
Haaren High School in New York City was the first public school to use radio to broadcast lessons 





the enthusiasm to use radio as a medium of instruction, by 1945, educational radio programs 
produced by many commercial companies and educational institutions were available for teachers 
to use in class (Cuban, 1986). In the 1950s, the keen desire to use television in education ignited 
the wave of instructional television. In the first decade of its adoption, classroom television was 
used as a total instructional program, supplemented instruction, and a teaching aid in Samoa; the 
effect was reported as “learning twice as fast as they once did, and retaining what they learn…” 
(Cuban, 1986, p. 30). The success of Samoan television drew the attention of educators and 
researchers to study the effectiveness of television in classroom instruction, and its supplemental 
role to facilitate and strengthen the professional skills of teachers was valued in the early1980s 
(Cuban, 1986). At the same time when computers were becoming more user-friendly, educators’ 
attention was then shifted to the use of computers in classrooms. The ratio of students to computers 
largely decreased from 125:1 in 1984 to 10:1 in 1996, and computers were greatly involved in 
classroom instruction (Copley, Cradler, & Engel, 1997). Meta-analysis at that time summarized the 
computers’ effectiveness in individualizing instruction and motivating students to learn more in 
less time (Copley et al., 1997). 
With the continuous infiltration of technology into our lives, “portable” becomes the key. 
With the launch of the iPad in 2010, the touchscreen device became the new type of educational 
technology and gradually found its position both inside and outside of the classroom (Henderson & 
Yeow, 2012). Educators and researchers then started to conduct research to explore the learning 
opportunities that can be provided by the touchscreen device due to its powerful affordances 
(Ginsburg, Jamalian, & Creighan, 2013). The next section briefly summarizes the powerful 






Powerful Affordances of Tablet Computers 
1. Light and portable (Zhang, Trussell, Gallegos, & Asam, 2015). The original iPad is 
9.56 inches high, 7.47 inches wide, and 0.5 inches thick, and it weighs 1.5 lbs. With 
each technology development every year, the newer iPads become even smaller and 
lighter. The iPad (7th generation) announced last year weighs only 1.06 lbs. Due to 
their small size, tablet computers are more mobile than laptops. They also have a longer 
battery life than laptops, and usually can last a whole day without recharge.   
2. Customized pace and records (Ginsburg, Wu, & Diamond, 2019; Zhang et al., 2015). 
On tablet computers, children can work on problems at their own pace. For example, it 
is easy for them to finish an incomplete problem at any time as long as they bring the 
tablet with them. All records can be saved. 
3. Dynamic visual imagery and sound effect (Ginsburg, Wu, & Diamond, 2019). 
Children can move virtual manipulatives from one place to another very easily on the 
screen of a tablet. Each movement trajectory can be traced and shown clearly. 
Decomposing an object into multiple parts and then reversing that action (i.e., 
composing the parts into a whole) is a good example. In addition, sound effects like 
“applaud,” “laugh,” and “quack” can add valuable information to the visual imageries 
to help young children to understand the context, problems, and questions.  
4. Manipulation of large numbers of objects (Ginsburg, Wu, & Diamond, 2019). 
Tablets enable young children to move around small virtual objects in a way that is 
hard to accomplish in real life. For example, it takes young children much time and 






possibilities that they get bored once they lose their attention and sweep away those 
beads. However, by just using the index finger to slide, young children can easily 
arrange virtual beads in groups on a tablet screen.   
5. Powerful tools (Sarama & Clements, 2002a). Active tools like rotating, flipping, 
decomposing, sliding, dragging, and lining up can help children to solve shape and 
number problems. These active tools serve as scaffolds and can provide guidance. In 
addition, these embodiment-based tools strengthen the link between children’s action 
and their learning by inviting them to interact physically with the objects on the screen, 
which is an important step for active learning to happen (Xie et al., 2018).  
6. Immediate feedback about accuracy (Ginsburg, Labrecque, Carpenter, & Pagar, 
2015). Providing rapid feedback to students’ work helps to enhance learning and 
achievement, and the benefit is greater to students with low performance (Baker, 
Gersten, & Lee, 2002). Nevertheless, this goal can be difficult to meet during general 
instruction since children usually receive math packets as homework, so feedback is not 
given until several days later. Applications on tablets perfectly solve this problem. The 
feedback is immediate. 
Affordances like these stoke the interest of application designers to create educational 
applications. By March 2018, Apple reported that there have been over 180,000 applications 
(“apps”) claimed as “educational” in the App Store (Pendlebury, 2018). Among them, mathematics 
is a major subject (Larkin, 2013). However, many of those math apps do not use these powerful 
affordances well and are of poor quality.  
Many commercial math applications allege that they are research-based, but in fact few of 





typical commercial math applications usually looks very game-like and engaging but includes 
limited math content. Another type of poor-quality math application is basically designed to 
promote rote learning, acting like a worksheet that does not emphasize conceptual knowledge 
(Ginsburg, Carpenter, & Labrecque, 2011). My Math App (Power Math Apps, 2014) is such a drill-
practice that aims to promote memory of basic math facts (Ginsburg, Wu, & Diamond, 2019). 
Similar phenomena were found in Larkin’s (2015) research study that evaluated the quality 
of 142 math applications available in the App Store. The findings indicated that only less than 10% 
of the applications focused on promoting conceptual knowledge, while 74.4% of them developed 
either declarative knowledge (44%) or procedural knowledge (29.6%). The results confirmed the 
phenomena that math app designers put too much emphasis on declarative and procedural 
knowledge learning and neglected the importance of conceptual knowledge learning (Larkin, 
2015). 
Much evidence has reflected the poor design and quality of the current commercial math 
apps from the App Store. Obviously, these applications should have minimal value in promoting 
typical child math learning, and the limited benefit would be even less for those children who are 
at risk. However, there are a few exceptions. The next section presents four solid math applications 
that have shown promising effects. All four applications, covering ideas like number sense and 
shapes, were designed for elementary students and younger.  
Promising Math Applications  
 
Number Race. Number Race, a math app developed by Anna Wilson, is designed for 
dyscalculia students aged 7-8 and under in order to enhance number sense skills by linking 
symbolic and non-symbolic number representation together (Wilson, Dehaene, Pinel, Revkin, 





deal with the core deficit found in dyscalculia students—weak number sense and difficulty with 
processing symbolic number information (Koontz & Berch, 1996; Wilson et al., 2006). Therefore, 
Number Race, situated in a high-reinforcement environment, focuses on numerical comparison 
trainings by using both concrete and abstract representations of number (Wilson et al., 2006). 
Follow-up studies have confirmed the efficacy of Number Race, showing that the number sense 
skills of 22 7-9-year-old children significantly improved after receiving Number Race intervention 
for 30 minutes a day, 4 days a week for a total of 5 weeks (Wilson et al., & Dehaene, 2006). 
Math Shelf. In addition, a more recent study, also focusing on number sense, compared a 
developmental research-based math app with five other most popular commercial math apps and 
demonstrated that the appropriately designed math app was more effective on younger children’s 
math performance (Schacter et al., 2016). Math Shelf, a math app for Pre-K and kindergarten 
classrooms developed by John Schacter, is a developmental research-based math app including a 
variety of number sense puzzles covering concepts like subitizing, ordering quantities, matching 
quantities, and counting with the support of immediate goal-directed feedback, cues, and 
reinforcements. The promising results indicated that preschoolers who played Math Shelf (10 
minutes a day, 3 days a week for a period of 6 weeks) significantly outperformed their counterparts 
who played the five most popular commercial 2014 math applications. The math assessment the 
participants completed involved concepts such as quantity discrimination, numeral identification, 
numeral sequencing, cardinal principle, comparing quantities, and matching numerals to quantities 
(Schacter et al., 2016).  
Building Blocks. Another exceptional math application developed by Douglas Clements 
and Julie Sarama, Building Blocks, is based on children’s everyday experience and their use of 





pre-K children, it aims to help young children mathematize their everyday life experiences and 
support the development of those mathematical activities by using “on-screen manipulatives” and 
providing various action tools like sliding, rotating, turning, and duplicating (Clements & Sarama, 
2002). Clements and Sarama (2007) tested the Building Blocks program (curriculum + software) in 
a public preschool program and a Head Start pre-K program. Building Blocks was used as a 
supplement to normal class instruction and the results indicated that the intervention group’s year-
end math performance on number and geometry was significantly higher than that of the control 
group who used regular materials (Clements & Sarama, 2007). 
Dynamic Geometry and TouchCounts. A more recent work by Sinclair (2018) introduced 
two valuable math products targeting young children. Dynamic Geometry for Young Learners, a 
math app for elementary school students, uses “dragging” on a Sketchpad as an effective method to 
guide children to understand the concept of “invariance” in geometry. For example, dragging the 
vertices of a triangle may change the size and look—smaller, flatter, thinner, and upside down, but 
it will always have three sides and three vertices, and remain closed. TouchCounts, a multitouch 
application focusing on number developed by the Tangible Mathematics Learning Project in the 
Faculty of Education at Simon Fraser University for preschoolers, enables children to perform 
number tasks such as sequential counting, addition, and subtraction by simply tapping their fingers 
on the screen. For instance, three successive taps on the screen will produce three disks with the 
voice counting one at time and concluding by announcing “three” (Sinclair, 2018).  
In brief, these four math applications show promising results in helping young children to 
learn math. Undoubtedly, their effectiveness is rooted in their rich mathematical context and 






affordances of touchscreen device and is thoughtfully designed based on theories and educational 
principles. In the next section, the researcher briefly presents the background, goal, and design 
principles of MathemAntics, followed by a description of MA activities.  
MathemAntics 
Inspired by Papert’s vision of creating a rich “mathland” in which children can explore and 
eventually construct important mathematical ideas, MathemAntics—“antic” (playful, amusing) 
math—is a research-based touchscreen math app serving young children from 3 years old to the 
early grades. At the time of its initial design, MA was created for computers only, when tablets or 
smartphones were not yet available. The version this present research investigated was designed 
specifically for touch-screen devices and covers the basic concepts of number, including counting, 
enumeration, cardinality, quantity comparison, and simple operations. The seven game-like MA 
activities were designed to foster children’s math learning through immersing them in a rich, 
engaging, yet challenging environment that emphasizes thinking, strategies, and problem solving. 
Table 1 is a very brief introduction of the seven MA activities. 
Core Research Basis of MA 
There is growing consensus that early number competencies predict school mathematics 
achievement (Duncan et al., 2007). In addition, many of those early school mathematics 
difficulties can be traced back to weak understanding of number relationships, poor counting 
procedures, and slow fact retrieval (Jordan, Hanich, & Kaplan, 2003a, 2003b). Therefore, the math 
concepts covered in MA focus on children’s early numerical development, aiming to promote the 








The Seven Activities in MA 
Explore 
 
A free play activity in which children can play, explore, experience, 
and get familiar with the mathematics environment and tools 
Counting Frogs in a Pond 
 
A simple activity, appropriate for young children, that promotes 




A “subitizing” game in which children must learn to see, without 
counting, the small number of musical instruments that quickly drop 
from a chute on the top of the screen into a yellow box 
Counting Musical Instruments 
 
An activity in which children have time to determine the number, 
sometimes large, of musical instruments that randomly drop from a 
chute and stay on the screen 
More, Less, & Same 
 
A set of activities in which children engage in comparing the 
number of musical instruments on two sides of the screen and then 
decide whether both sides have the same number or which side has 
the greater or lesser number 
Adding & Subtracting  
Frogs in a Pond 
 
A concrete addition and subtraction activity in which children first 
determine the number of frogs in a pond and the total number after a 
new set of frogs joins them or some in the original set leave it 
Adding & Subtracting  
Musical Instruments 
 
An adaption of a task developed by Zur and Gelman (2004), which 
involves adding or subtracting from a hidden set, the numerical 







Clements and Sarama (2009) described the important skills a child needs in order to 
develop adequate numerical competencies: (a) subitizing, (b) verbal counting in a stable order,  
(c) enumerating collections of objects, and (d) understanding of cardinality (i.e., the last number 
word counted represents the total number of objects counted). Subitizing is the ability to recognize 
the number of objects in a small set without counting and is a very important ability involved in 
young children’s math learning trajectories (Clements & Sarama, 2009). This ability supports 
young children to quickly identify “how many,” to indicate “more” or “fewer” by using perceptual 
subitizing, and to facilitate fluency with combinations (i.e., 2 dots and 3 dots) by using conceptual 
subitizing (i.e., Determine the total quantity of a large set by recognizing the smaller sets within) 
(Dyson, Jordan, & Beliakoff, 2015). The Quick activity in MA is thus designed to encourage 
young children to recognize the quantity without counting.  
Counting is a second important ability to support children’s understanding of numbers 
(Clements & Sarama, 2009). It serves as a foundation for developing enumeration, understanding 
of cardinality, and addition and subtraction (Clements & Sarama, 2009). Developmentally, young 
children at first shout out some number words (not in sequence) and then learn to count verbally in 
order; they eventually apply the verbal counting to real objects to tell “how many.” The Counting 
Frogs in a Pond (CFP) and Counting Musical Instruments (CMI) activities in MA cover these 
three interrelated ideas: verbal counting in sequence, enumeration, and cardinality. CFP focuses on 
verbal counting in sequence and helps children build meaning for number words and gradually get 
them to the idea of one-to-one correspondence and then cardinality. More sophisticated children 
then can practice enumeration and test their “how many” ability in CMI. 
During the learning course of number words, subitizing, and counting, young children 





numbers, children may use subitizing and matching; for bigger ones, they may use counting. 
Different arrangements and sizes of objects are found to affect children’s judgment (i.e., young 
children usually think the collection that is clustered but large in quantity is fewer than the other 
collection that is spread out but small in quantity; Clements & Sarama, 2009). Taking all these into 
account, the More, Less, and Same activity in MA provides children with a variety of meaningful 
tasks and situations in which they can learn to compare quantities and numbers.  
Now the math learning trajectory comes to early addition and subtraction. Very young 
children, even the 3-year-old, can get the idea that addition results in more and subtraction less, 
and can make reasonable predictions (Zur & Gelman, 2004). However, addition and subtraction 
problems can become very challenging for young children when the size of the numbers becomes 
large and when the child has not fully developed the above skills (Clements & Sarama, 2009). 
Nevertheless, arithmetic and counting are interrelated, as young children can use their fingers or 
simply verbal counting to help them solve the problems. Most often initially, they do count all and 
can develop other effective methods like count-on (Clements & Sarama, 2009). Therefore, the 
Adding & Subtracting Frogs in a Pond (ASF) and Adding & Subtracting Musical Instruments 
(ASM) activities in MA provide children with meaningful trainings in which they have the chance 
to use count-all and count-on strategies. Specifically, in ASF, children receive traditional problem 
types and can understand the idea of addition and subtraction through counting all. In ASM, 
children receive the same problem type as in the Zur and Gelman (2004) study, in which the initial 
set of objects is hidden. This not only pushes children to use the count-on strategy, but also trains 






Why Is MA Novel? 
Although some solid research-based applications have shown promising effects, we still 
lack well-designed math applications that have true educational meaning (Larkin, 2015). Earlier in 
this paper, the researcher presented several studies on the effectiveness of some number sense 
math applications, for example, the Number Race, Math shelf, and TouchCounts. Different from 
those, MA is novel in the way that it was designed for very young children, starting from 3-year-
olds to early grades (Number Race targets early grades). MA also takes the typical number 
learning trajectories into account and covers all those interrelated foundations emphasized by 
Clements and Sarama (2009) to promote early school math learning and general math success. As 
kindergarten math achievement has been found to be an important predictor of later math 
achievement (Duncan et al., 2007), kindergarten is a critical period when young children first 
experience formal math, and MA is a good resource to support children to lay a solid foundation 
for future school math. In addition, children can learn all those key concepts in MA that can enable 
them to develop high numerical competency, including spoken numbers, counting out loud, object 
counting, subitizing, one-to-one correspondence, number sequence, enumeration, cardinality, 
number comparison, quantity comparison, and adding and subtracting. Very few applications have 
mingled these together; mostly, they just focus on several of those key concepts. For example, 
Math Shelf does not include arithmetic, and TouchCounts covers only sequential counting, 
addition, and subtraction.  
Furthermore, MA is novel because two of its activities are pioneering: Quick and Adding & 
Subtracting Musical Instruments. The Quick activity is not only engaging but also customizable so 
that children may see objects arranged in different presentations (i.e., line, scattered, clustered, and 





subitizing, and estimation. Similarly, the Adding & Subtracting Musical Instruments, based on Zur 
and Gelman (2004), provides children with non-typical addition and subtraction problems, in 
which they need to predict and then count to check their predictions. This activity also enables 
children to develop effective strategies like count-on and to train their executive attention.  
In summary, MA is novel as it is designed for very young children; it takes the basic 
number learning trajectories into account; it covers all the key concepts that can enable children to 
develop high numerical competency; and it includes pioneering activities. 
The Four MA Activities Used in Current Study 
This section describes in detail the four MA activities used in the current study, with design 
principles explicitly stated in the explanation of the activities to further support the promising 
effectiveness of MA. The four activities are: Quick!; Counting Musical Instruments; More, Less, 
& Same; and Adding & Subtracting Musical Instruments. Each activity has a control panel on 
which adults can manipulate different variables, including the color and size of instruments, the 
speed of counting, the range of a set of instruments, the availability of tools, the exact problems 
given to children, and so on. These choices enable children, even at a similar age, to receive some 
customized user experience and maximize their math learning. These choices also enable adults, 
teachers, or parents to design a set of child-centered activities suitable for individual children at 
different levels of ability.    
Quick! Quick! is a subitizing or “how many” estimation game in which children have no 
time to count the instruments and must rely on visual perception to estimate the number of total 
instruments dropped from a chute into a yellow box at the bottom on the belt. Then children need 
to respond by selecting a number on the number line to show the answer. The yellow coin at the 





number of points as the number he or she selects on the number line (Figure 1). The inclusion of 
this reward mechanism and the design of this entire game-like activity aim to promote a positive 
disposition towards math, as many young children start to feel anxiety when they receive several 
years of school math. It is important to let them know that math can be fun and interesting as well 
as challenging sometimes.  
 
Figure 1. The Quick! activity 
 
Direct and immediate feedback is given after the child inputs his or her answer on the 
number line. Specifically, when the answer is correct, instruments inside the box will jump out and 
display on the screen in rows of five. Then a voice says, “That’s right! Seven. There are seven!”; 
all seven instruments are illuminated at the same time. Next, the seven instruments go back into 






instruments inside the box will also jump out and display on the screen in rows of five. Then the 
voice says, “That’s too many/not enough. One, two, three...seven. There are seven.” Each 
instrument is illuminated at the same time it is counted and stays illuminated. After all the 
instruments are counted, they jump up and are illuminated again to emphasize that the last number 
of a set represents the total quantity of this set. This feedback mechanism helps children build a 
foundation for learning and understanding enumeration and cardinality as well as “how many.” 
The adults can vary many important features of Quick! on the control panel, like the speed 
of drop, the range of the number, the different presentations of the instruments after dropping from 
the chute and before going into the box (i.e., “align in rows,” place randomly,” “fly around,” etc.). 
Children are often extremely engaged in Quick! The goal of this activity is to provide children with 
an engaging environment in which they can build number sense and estimation skills, while at the 
same time consolidate their understanding of enumeration, cardinality, and knowledge of written 
numerals.  
Counting Musical Instruments. Counting Musical Instruments is a “how many” activity in 
which instruments drop from the chute and then stay on the screen. Unlike Quick!, children in this 
activity have time to count the instruments and determine their total number. In addition, the 
inclusion of various tools—line-up, pair-up, scatter, and highlight—may be used as aids to solve 
the problems, especially those more advanced with large numbers (Figure 2). The green tool with 
six dots on the left pairs up instruments in two vertical columns when touched. This pair-up tool 
promotes an efficient counting strategy—counting by 2s. In addition, due to the one-to-one 
correspondence concept in this strategy, it also serves as a foundation for learning odd and even 






but in rows of 5. The strategy “lining up by 5s” bisects numbers from 1 to 10 into two groups, 
namely numbers 1 to 5 and numbers 6 to 10. By representing six instruments as five instruments 
(on the first row) and one more (on the second row), this strategy provides not only scaffolding for 
children to count on—an efficient counting strategy, but also a context for learning composition 
and decomposition implicitly, which serves as the foundation for addition and subtraction.  
The three lollipop-like icons next to the line-up tool scatter the instruments when touched. 
From a mathematical point of view, it emphasizes the concept that the number of instruments will 
always remain unchanged if nothing is added or taken away. As a tool, it guides children to 
discover the hidden instruments (sometimes instruments can overlap) and learn to be “careful.” 
The “three instruments” icon next to the scatter tool highlights the instruments one at a time 
without the voice counting, facilitating children’s keeping track of counting and figuring out the 
total quantity. When the four tools are not available, the child can still drag the instruments and 
arrange them on the screen while counting. Research has suggested that active gesture helps 
children to not only keep track but also perform one-to-one correspondence (Alibali & DiRusso, 
1999). Therefore, the design of active and appropriate physical movements is included. The 







Figure 2. Counting Musical Instruments activity 
 
The adults can control the availability of the entire toolbox as well as each single one, the 
precise problems they want the child to work with, and the range of the number. The design of  
this activity /as to create a rich environment with constructive elements (e.g., different types of 
instruments and tools) in which all counting principles (Gelman & Gallistel, 1986) are involved 
and a variety of aids are provided. Specifically, the stable order and one-to-one correspondence 
principles are enhanced when the voice enumerates all the instruments on the screen and the 
numbers on the number line illuminate one at a time accordingly (this is also the synthesized 
representation of concrete and abstract concepts). The cardinal principle is involved when the 
voice concludes, “There are X.” The abstraction principle (i.e., any discrete things, even of 






of guitar, kazoo, drum, and tambourine with different sizes and colors (Figure 3). The irrelevance 
principle (i.e., the order you use to do counting does not affect the total quantity) is emphasized 
when the scatter tool is used (Figure 4). In addition, efficient strategies like counting by twos and 
fives are promoted with the aids of pair-up and line-up tool, and a basic strategy like using one-to-
one correspondence also is supported with the highlight tool and free dragging. Given all these 
tools and features, Counting Musical Instruments allows children to develop their thinking, 
strategies, and problem-solving skills.  
  
 








Figure 4. Using the “how many” task to show the irrelevance principle 
 
 
More, Less, & Same. More, Less, & Same is an activity in which children compare the 
number of instruments on two sides of the screen and then determine which side has more or fewer 
instruments or whether both sides have the same number. In general, instruments fall from a chute 
on both sides and then stay on the screen (Figure 5).  
 






Unlike the free dragging in Counting Musical Instruments, instruments cannot be moved 
or dragged in this activity. Nevertheless, tools like line-up, pair-up, and scatter (at the bottom) can 
be made available to facilitate problem solving. Specifically, the use of line-up and pair-up tools 
here can result in efficient comparison. Being arranged and organized in either rows of five or two 
columns, the clear visual perception allows the child to rely on the one-to-one correspondence 
strategy to compare the two sets rather than using counting to determine which side has more/ 
fewer. The efficiency will be more obvious when it comes to larger sets (e.g., 19 instruments vs. 
14 instruments), not only because incorrect counting is likely to happen, but also because by the 
time the child finishes counting the second set, he or she may already forget the number of the 
first. Thus, the line-up and pair-up tools here provide efficient strategies and serve as aids for 
young children whose working memory ability is still too limited to compare two large sets (e.g., 
Compare Figure 6a with Figure 6b).  
 
 






After the child inputs his or her response by either touching the side or the equal symbol on 
the top, immediate feedback will be given. An inequality or equation will appear on the top to 
symbolically represent the relationship of the two sides (see the example “7>3” in Figure 7) and 
the voice will explain, “There are more/fewer instruments here [one side] than here [the other 
side],” and the instruments on the corresponding sides will be illuminated when the word “here” 
comes out. This synthesized representation of both abstract and concrete concepts can 
promote in-depth math learning and understanding. 
 
Figure 7. Synthesized representation of both concrete and abstract concepts in MLS 
 
 
Adding & Subtracting Musical Instruments. Adding & Subtracting Musical Instruments is 
an advanced addition and subtraction activity (with numbers up to 20) adapted from Zur and 
Gelman (2004). Basically, some instruments will appear on the screen and then go into a yellow 
box at the bottom. Next, either more instruments will go into or some instruments will come out 





number of instruments inside the box. After the prediction, the box opens and the instruments 
inside come out and stay on the screen for the child to check his work. The four screenshots in 
Figure 8 present the example “5+2.”  
 
Figure 8. Illustration of the problem “5+2”  
 
 
This activity is challenging because the invisible part of the task adds a burden to the  
young children’s working memory ability that is not yet well-developed. Zur and Gelman (2004) 
suggested that though the task is challenging, young children could still accomplish it by making 
reasonable predictions and then using counting to check. In other words, children are not expected 
to get the precise sum or difference the first time. Instead, they are encouraged to make reasonable 
predictions and eventually understand the idea that “adding” means getting more and “taking 
away” means getting less. Therefore, 4 will be a reasonable prediction for “2+1.” On the contrary, 
5 will be an unreasonable prediction for “4-1.” The reasonable prediction also serves as the 





“checking” mechanism of the task. Like the other activities, the adults are able to vary some 
important features on the control panel: the availability of the entire tool box as well as each single 
one, the range of numbers, the availability of “Show Box Contents” (i.e., re-open the box to see the 
number of hidden instruments again), and so on. Past pilot case studies have shown that children 
with limited knowledge of addition and subtraction not only improved in making reasonable 
predictions, but they also mastered the precise sum or difference of simple problems like “2+1” 
and “3-2” after training. 
In brief, MathemAntics provides a rich Mathland in which constructive elements like 
virtual objects, various tools, a pseudo-number line, numeral symbols, as well as sound and visual 
effects allow young children to explore, create, think, reflect, and learn numbers. In addition, 
MathemAntics promotes substantial and developmentally appropriate math activities that engage 
children in learning math concepts; it emphasizes thinking, use of strategies, and problem solving; 
it creates models of abstract ideas through visual imagery to enhance in-depth learning; it 
incorporates meaningful physical activities like dragging instruments into the box, thus embodying 
the idea of “adding” and “more”; it also promotes a positive disposition towards math by exposing 
children to all these game-like yet meaningful activities; and it encourages children to be curious 
about funny, mysterious, and incongruous things. Given all these features and principles, the 
researcher believes that young children can benefit from playing the activities in MathemAntics to 
master the basic concepts of numbers and operations.  
Motivations for Research Questions 
Earlier in the chapter, the researcher presented the importance of early mathematics 
learning, the complicated situation of early mathematics education, and the necessity of offering 





years, educational technology has become increasingly popular in assisting young children to learn 
math, leading to the development of math applications claimed as “research-based.” Given the 
limited evidence concerning the use of well-designed math apps to enhance young children’s math 
learning, the primary goal of this dissertation was to examine the efficacy of a research-based math 
software application on young children’s math performance. Specifically, this study focused on 
preschoolers who came from disadvantaged socioeconomic backgrounds and investigated whether 
and how MathemAntics helped them to learn math. 
Low Math Skills vs. High Math Skills 
Earlier in this chapter, the researcher reported the social concern over the low math 
performance of lower-SES preschool children (Denton & West, 2002). Although children from 
socioeconomically disadvantaged backgrounds consistently perform weaker on math than their 
higher-SES peers, it does not mean that they cannot learn, nor does it mean they lack basic 
concepts and skills (Ginsburg, Lee, & Boyd, 2008). Research has suggested that when compared to 
their advanced peers, children who lag behind on informal addition and subtraction skills often 
utilize similar problem-solving strategies to deal with problems (Ginsburg & Pappas, 2004). For 
example, they employed the count-on method by counting from the larger number, regardless of 
the accuracy of the result (Ginsburg & Pappas, 2004). It is important to realize that these low-
performing children do have the potential to learn (Lee, Park, & Ginsburg, 2016). Since this 
study’s sample was from a low-SES population, most of the participants were thus not expected to 
be high math achievers, but there still should be some children who had high math competencies. 
Therefore, the researcher was interested in examining, when compared with the control 
participants, how the MA intervention affected the general learning and improvement of the two 





performance. In addition, the researcher wanted to focus on the low math groups in both conditions 
(i.e., intervention and control) to compare their performance on the various assessments.   
Prediction of Number Sense Performance 
Number sense, broadly known as the knowledge of numbers and number relationships 
(Malofeeva, Day, Saco, Young, & Ciancio, 2004) and operationally defined as the ability to 
subitize, compare quantities, count, and to perform simple calculations (Berch, 2005), predicts 
later math achievement. Past research has suggested that number sense proficiency at school entry 
is strongly related to later school math success, specifically associated with year-end math 
assessment in first grade (Jordan, Kaplan, Locuniak, & Ramineni, 2007), calculation fluency in 
second grade (Locuniak & Jordan, 2008), and mastery of number combinations in addition and 
subtraction in third grade (Jordan, Hanich, & Kaplan, 2003b). Thus, its fundamental role in math 
skills is very clear. But what is important in developing strong number sense skills? One early 
study found that preverbal numerical change detection ability (i.e., comparing quantities) in  
6-month-old infants was closely related to their number sense skills 3 years later (Starr, Libertus, 
& Brannon, 2013). Feigenson and Carey (2003) argued that the development of number sense goes 
from a precise representation of small numbers to an approximate representation of large ones, and 
these primary abilities are the building blocks for the next level of number competency—when 
they learn the number words as well as Arabic digits, understand cardinality, and eventually know 
how to represent large quantities accurately at around 4 years of age (Feigenson, Dehaene, & 
Spelke, 2004). Other research has suggested that symbolic number knowledge (e.g., recognize, 
name, compare Arabic digits) is associated with later quantity comparison skill in preschoolers 
(Mussolin, Nys, Content, & Leybaert, 2014). The current study examined preschoolers’ 





number sense, the researcher was interested in exploring what specific prior knowledge of number 
sense skills (e.g., recognition and comparison of Arabic digits, cardinality, counting, subitizing, 
comparing quantities, and simple calculations) would be closely associated with the overall 
number sense achievement as well as the gain after the intervention was given.  
Improvement in Number Sense—Efficacy  
In the previous Promising Math Applications section, the researcher described Building 
Blocks, a promising math application used as a supplement for general class instruction in two 
preschool programs (Clements & Sarama, 2007). Clements and Sarama (2007) also examined the 
specific topics that were most affected by the intervention. Due to the small number of items of 
some topics, they only inspected the mean of each topic under the Number category (the other one 
is Geometry) rather than running a statistical test. However, the inspection showed that the gains 
were pronouncedly larger on some number topics; the largest gains were found in subitizing and 
ordering quantities, followed by simple calculations (Clements & Sarama, 2007). From the 
effectiveness perspective, in the current study, the researcher was also interested in looking at 
which topics would be most affected by the MA intervention at the end of the study. 
Counting Strategies 
Counting is a fundamental skill in early mathematics and young children usually take 
several years to become proficient in it. To count a set accurately, a child needs to count verbally 
in order, apply one-to-one correspondence (i.e., coordination of the number words with each 
object), and keep track of counted ones (Clements & Sarama, 2009). Doing all these together may 
be a challenging task for young children, especially preschoolers. One way to facilitate counting is 
to organize the objects into a row (Clements & Sarama, 2009), so that it will reduce partitioning 





track of the objects that have been counted and the ones have not (Alibali & DiRusso, 1999). 
Another more advanced and efficient way to support counting is to organize the objects into 
groups (e.g., pair-up) and then do skip counting by groups (Clements & Sarama, 2009). Gesture 
has also been found to play a critical role in facilitating counting objects (Graham, 1999). In their 
research, Alibali and DiRusso (1999) suggested that touching the objects while counting not only 
helps keep track of counted objects, but also facilitates one-to-one correspondence when assigning 
the number words to the object being counted. Taking all these into account, MA provides children 
with some scaffolding tools like line-up, pair-up, and free dragging to facilitate their counting in 
some of the activities. Therefore, the researcher was interested in exploring how and when 
children, when given access to these tools, would use them to solve problems and whether there 
would be a preference in selection. 
Research Questions and Hypotheses 
This section addresses the specific research questions. The first three questions discussed 
the relationship between the MA training and the participants’ math performance. The other two 
questions examined the participants’ growth during training and their tool-use behaviors.  
Research Question 1 
Do the participants in the intervention group improve more on the post-assessment 
than their counterparts in the control group? Do the low-math intervention participants 
improve more on the post-assessment than their low-math control counterparts? The 
participants in the intervention group were expected to improve more on the post-assessment than 
their peers who were in the control group. The low-math intervention participants were also 






Research Question 2 
On which subtest do the participants improve most after the MA intervention 
training? There were seven subtests on the assessment: Counting, Quantity Discrimination, 
Numeral Identification, Cardinality, Comparing Quantities, Give a Quantity, and Addition & 
Subtraction. Among the seven subtests, the category Addition & Subtraction is normally 
unfamiliar to preschoolers. Therefore, the participants were expected to perform low on the pre-
Addition & Subtraction and improve significantly on the post-Addition & Subtraction after the 
training. Hence, the participants were expected to improve most on the Addition & Subtraction 
subtest.  
Research Question 3 
Which subtest on the pre-assessment can best predict the overall post-assessment 
performance? Which subtest on the pre-assessment can best predict the gain score (i.e., the 
score difference between the post-assessment and the pre-assessment)? This is an exploratory 
question. Previous studies suggested that the ability to detect numerical change during infancy 
predicts number sense in preschoolers, while symbolic number knowledge predicts quantity 
comparison ability in preschoolers (Mussolin et al., 2014; Starr et al., 2013). The researcher 
hypothesized that knowing more and fewer, and recognizing as well as comparing written 
numerals, may best predict the overall post-assessment performance. In addition, since the mastery 
of Addition & Subtraction requires the ability of counting, cardinality, more and fewer, and maybe 
some estimation, and given the limited exposure to Addition & Subtraction activities in preschools, 
the researcher hypothesized that the Addition & Subtraction subtest on the pre-assessment may 






Research Question 4 
How does the low- and high-math participants’ training performance on the four MA 
activities change during the 4-week intervention? The participants’ performance in Week 2 was 
expected to be higher than their performance in Week 1 for each of the four activities. In addition, 
after they advanced to Week 3 to receive a higher level of training, their performance in Week 4 
was expected to be higher than their performance in Week 3 for each of the four activities as well. 
Research Question 5 
Which tools do the participants choose to use in the Counting activity and the More, 
Less, & Same activity? Which tool is most helpful to the participants’ performance? This is 
an exploratory question. MA tools were made available to the participants in Week 2 and Week 3 
for the Counting activity and the More, Less, & Same activity. Possible outcomes were that the 
participants were more willing to rely on the MA tools to help them solve the problems for both 
activities. Specifically, since young children are often instructed to line up the objects before 
counting “how many,” the line-up tool might be more favored than the pair-up and the scatter 
tools. It is possible that the line-up tool was also most helpful to the participants’ performance, as it 
helps to reduce partitioning errors so that the child will find it easier to keep track of the ones that 










A total of 63 4- to 5-year-old children from a large preschool in New York were recruited 
from five classes to participate in the study; 56 completed the study (see Table 2). The school is 
located in the Morris Heights neighborhood of the borough of The Bronx in New York City. The 
neighborhood is comprised of the following race/ethnicity demographics: 64.3% Hispanic/Latino, 
31.8% African American, 1.4% Caucasian, 1.3% Asian, and 1.2% Other (Morris Heights, Bronx, 
n.d., para. 6). The researcher sent flyers to the preschool to introduce the study to parents and to 
recruit their children. Most of those families are socioeconomically disadvantaged. The percentage 
of students who receive free lunch at this school is 100%.  
Table 2 
Participant Sample Breakdown 
 Pretest (n) Posttest (n) 
Intervention Group (boys, girls) 32 (17, 15) 28 (15, 13) 
Control group (boys, girls) 31 (16, 15) 28 (15, 13) 
All (boys, girls) 63 (33, 30) 56 (30, 26) 
 
The racial makeup of the child sample was mostly Hispanic and African American. The 
gender distribution was approximately equal (45% female). A screening was administered 







Before the study, each child’s parent received a consent form briefly describing the goal 
and the procedure. Parental signature was required for the child to participate officially in the 
study. To start, all participants completed a number sense assessment with the researcher one-on-
one in a quiet classroom, so that a baseline of the participants’ number competency could be 
established. Then participants were randomly assigned to either the intervention group or the 
control group. Participants in the intervention group were pulled out of class and played four 
MathemAntics (MA) software activities—the intervention—on an iPad or Samsung tablet for  
4 weeks. Participants in the control group stayed in their classrooms and received normal class 
instruction. At the end, all participants completed the same posttest number sense assessment with 
a new researcher in a one-on-one meeting.  
Four researchers (none of them conducted the posttest) administered the MA intervention. 
Each researcher supervised one child at a time in a quiet room. Before each intervention session, 
the researcher went to the classroom, called the child’s name, and walked together to the 
experiment location (the quiet room). Two chairs next to each other and a small table were 
arranged in advance at the experiment location. A Samsung tablet or an iPad was placed on the 
table, with each MA activity being set up in advance as well. The researcher asked the participant 
to sit down and explained to the child that the play would be audiotaped and screen recorded. Then 
the researcher gave the child MA training activities based on the weekly assignment. During the 
training, the researcher took notes to record the child’s response to each activity trial as well as his 
or her use of various tools that the software provided (e.g., a line-up tool that arranged objects in 





participants in the intervention group received MA training 3 days a week for 4 weeks. After each 
training session, the participant had a chance to choose a sticker as a reward. 
The Intervention Software and Measures 
Intervention Software 
The intervention software used in the study was MA. Four activities—Quick!; Counting 
Musical Instruments; More, Less, & Same; and Adding & Subtracting Musical Instruments were 
included in the intervention (Table 3). All participants in the intervention group played all four 
activities in each training session. A typical intervention training was as follows: the participant 
first completed six subitizing problems in Quick!, then finished four “how many” problems in 
Counting Musical Instruments, next did four quantity comparison problems in More, Less, & 
Same, and finally engaged in six Addition & Subtraction problems in Adding & Subtracting 
Musical Instruments.  
The intervention training in this study was designed to prepare Pre-K students for 
kindergarten math. Kindergarten Common Core State Standards for mathematics expect young 
children to count and tell the number of as many as 20 objects, compare two collections by using 
matching and counting strategies, compare two numerals between 1 and 10, and add and subtract 
numbers within 10. Therefore, taking these standards into account, the problems from all four MA 
activities in the intervention were close to the number range stated on the Standards (see Table 4 
for more information). Week 2 training problems were the same as Week 1 problems, and the 
problems were basic because the numbers were small. Similarly, Week 3 training problems and 
Week 4 problems were the same, but the problems were more difficult as the numbers became 
bigger. Tools that enabled key solution strategies (like lining up objects in groups of up to five or 






A Review of the Four MA Activities Used in the Current Study 
Quick! 
 
A “subitizing” game in which children must learn to see, without 
counting, the small number of musical instruments that quickly drop 
from a chute on the top of the screen into a yellow box 
Counting Musical Instruments 
 
An activity in which children have time to determine the number, 
sometimes large, of musical instruments that randomly drop from a 
chute and stay on the screen 
More, Less, & Same 
 
A set of activities in which children engage in comparing the 
number of musical instruments on two sides of the screen and then 
decide whether both sides have the same number or which side has 
the greater or lesser number 
Adding and Subtracting 
Musical Instruments 
 
An adaption of a task developed by Zur and Gelman (2004), which 
involves adding or subtracting from a hidden set, the numerical 
value of which is known 
 
Table 4 
Number Range for Each Activity 
 Week1 Week2 Week3 Week4 
Quick! Numbers 1-4 Numbers 1-4 Numbers 3-7 Numbers 3-7 
Counting Musical 
Instruments 










Adding & Subtracting 
Musical Instruments 





Instruments and More, Less, & Same in Week 2 and Week 3 only, during which they could explore 
and choose different tools to help them solve the problems. 
Given that participants’ math abilities varied, an evaluation was added at the end of Week 2 
to assess whether each participant was eligible to move on to the next level of training (i.e., 
problems with bigger numbers) in Week 3. The primary researcher reviewed participants’ Week 2 
performance and calculated the overall group average correct responses for each activity. 
Participants who scored higher than the group average on Week 2 advanced to the next level in 
Week 3, and those who scored lower than the group average stayed and received the same set of 
Week 1 problems again for more basic-level practice in Week 3. Then, those participants who 
stayed were re-evaluated at the end of Week 3 to see if their Week 3 performance reached the 
Week 2 group average score. If yes, they advanced to the next level of training in Week 4; if not, 
they stayed and received the same set of Week 2 problems in Week 4. Given that the current work 
was the preliminary experimental study to explore the effectiveness of MA in the field, a norm-
referenced rather than a criterion-referenced evaluation was used here because no predetermined 
training standard was available for the intervention group at that time.  
MA activity performance. The researcher evaluated the participants’ activity performance 
by week for each of the four activities. Each activity problem was worth 1 point. As mentioned 
above, for each session, the participants completed six Quick! problems (nine problems in Weeks 3 
and 4), four Counting Musical Instruments problems, four More, Less, & Same problems, and six 
Adding & Subtracting Musical Instruments problems. Since there were three sessions a week, the 
maximum weekly score for each of the four activities that a participant could earn was: 18 (27 
points in Weeks 3 & 4), 12, 12, & 18, respectively. Then, the average weekly performance for each 
of the four activities was calculated by 







Tool usage. Participants’ use of tools was recorded in Week 2 and Week 3. Two tools—
line-up and pair-up—were available in Counting Musical Instruments; three tools—line-up, pair-
up, and scatter—were available in More, Less, & Same. For each problem in the two activities, the 
researchers noted down by hand only the first tool selected by the participants’ last attempt, 
although screen recordings captured every movement happening on the screen. For example, if a 
participant first used the pair-up, then touched the scatter tool in More, Less, & Same, the 
researcher wrote down only the “pair-up” tool. The participant’s last tool selection of the last 
attempt was also assessed through a review of the screen recordings after data collection. Since 
there were altogether six sessions in Week 2 and Week 3, the total number of problems completed 
for each of the activity was 24.  
Number Sense Assessment in Pretest and Posttest 
A 46-item non-computerized number sense assessment was used to measure participants’ 
math performance before and after the MA intervention training (pretest and posttest were 
identical). Aligned with the Kindergarten Common Core State Standards for mathematics, this 
assessment covered math concepts from the four MA intervention activities and incorporated 
reliable number sense tasks from previous research studies (Ginsburg & Baroody, 2003; Wilson, 
Revkin, Cohen, Cohen, & Dehaene, 2006; Schacter et. al., 2016). Specifically, the assessment 
included quantity discrimination and numerical identification measures used by Schacter and his 
colleagues (2016) in their study on the efficacy of Math Shelf on low-income preschoolers. The 
assessment also used a cardinal principal measure similar to the one in Schacter and his 
colleagues’ study (2016). Additionally, the assessment incorporated a counting measure used in 
Wilson and her colleagues’ (2006) testing battery, and included a numerical comparison (non-





Dehaene, 2006). Moreover, the assessment incorporated the Addition & Subtraction measure 
developed by Ginsburg and Baroody (2003) in the Test of Early Mathematics Ability-3 (TEMA3).  
This untimed non-computerized math assessment took participants around 20 minutes to 
finish. The 46-item assessment included the following seven subtests that could result in an 
assessment score ranging from 0 to 46. The order of the 46 items was cross-category, namely that 
the participants first completed the easy items from all seven subtests, then moved on to the 
moderate ones from all seven, and last went to the difficult items. Cronbach’s alpha internal 
consistency reliability of the entire assessment was .85 (Cronbach’s alpha was calculated based on 
the pre-assessment).  
Counting (6 items). This series of items assessed the participants’ knowledge of counting, 
and was the same measure used in Wilson and colleagues’ (2006) study. In this test, the 
participants were asked to (a) count as high as possible (the researcher stopped them after 30);  
(b) start counting from 3; (c) start counting from 7; (d) count from 5 to 9; (e) count from 7 to 13; 
and (f) count backwards from 12. Each item was worth 1 point, so the score ranged from 0 to 6. 
Cronbach’s alpha internal consistency reliability of these 6 items was .71.  
Quantity discrimination (6 items). This series of items tested the participants’ symbolic 
numerical comparison ability. It was the same measure used by Schacter and his colleagues (2016) 
in their study, with a test-retest reliability of .85 and predictive validity of .79 (Clarke & Shinn, 
2004; Woodcock & Johnson, 1989). The participants were asked to indicate the largest numeral 
from the four random numerals presented. The six items were: (a) 1, 3, 6, 4; (b) 4, 2, 5, 1; (c) 8, 2, 
9, 5; (d) 7, 4, 3, 6; (e) 2, 10, 3, 6; and (f) 7, 9, 6, 10. Each item was worth 1 point. Internal 





item 6 was not included when calculating the participants’ quantity discrimination score. Hence, 
the score ranged from 0 to 5.  
Numeral identification (9 items). This series of items measured the participants’ ability to 
identify written numerals from 1 to 20. This assessment was very similar to the one in Schacter 
and his colleagues’ (2016) number sense assessment, with the only difference being that their 
written numerals ranged from 1 to 10. Cronbach’s alpha coefficient and concurrent criterion 
validity were reported to be .88 and .59, respectively, by Lee et al. (2007) for the numeral 
identification tasks in TEMA3 (Ginsburg & Baroody, 2003). In this test, the participants were 
instructed to point to one of the four numerals presented in random order. The 9 items were:  
(a) 2, 1, 5, 4; (b) 1, 3, 7, 11; (c) 6, 9, 3, 1; d) 4, 8, 7, 5; (e) 2, 10, 16, 19; (f) 12, 11, 2, 13; (g) 13, 15, 
11, 12; (h) 9, 14, 16, 19; and (i) 9, 10, 17, 18 (bold numbers were the ones participants had to point 
to). Each item was worth 1 point, so the score ranged from 0 to 9. Cronbach’s alpha internal 
consistency reliability of these 9 items was .80.  
Cardinal principle (7 items). This series of items tested the participants’ knowledge of 
cardinality. This assessment was very similar to the one in Schacter and his colleagues’ (2016) 
study. The participants were asked to count a group of things (either animals or dots) printed on 
the paper and then tell the total quantity. There were seven items in the assessment. The first five 
took the exact format as described and were directly taken from the Form A picture book of 
TEMA3 (Ginsburg & Baroody, 2003). The quantities were: 2, 5, 10, 14, 16 (see Figure 9 for item 
2 and item 3). For the sixth and seventh items, the researcher used physical manipulatives—clips. 
The researcher first put seven clips in a line on the table and asked the participants to count and tell 
the total quantity (item 6). Then the researcher changed the display of the seven clips and asked, 





subtest was increased to .75 when item 7 was deleted. Therefore, item 7 was not included when 
calculating the participants’ cardinality score. Hence, the score ranged from 0 to 6.  
 
Figure 9. Items 2 and 3 on the Cardinal Principle subtest 
 
 
Comparing quantities (6 items). The participants compared two different collections 
represented as dots and then selected the side that had more or fewer as instructed. This assessment 
was very similar to the measure used by Wilson and her colleagues (2006) in their study. There 
were six items (see Figure 10 for item 1, item 4, and item 5). Each item was worth 1 point, so the 
score ranged from 0 to 6. Cronbach’s alpha internal consistency reliability of these six items 
was .71.  
 






Addition/Subtraction (6 items) and Give a Quantity (6 items). This series of items 
tested the participants’ ability to add and subtract, and the ability to count out the required number 
of objects. The assessment was very similar to the Adding & Subtracting Musical Instruments 
activity in the MA intervention. The format of this assessment was directly taken from the 
Assessment Probes & Instructional Activities of TEMA3 (Ginsburg & Baroody, 2003). The 
researcher first showed the participant some clips and then hid them under a piece of paper. Then 
the researcher asked the participant to look carefully, as a small number of clips (i.e., 1, 2, or 3) 
would be either added to or taken out from the hidden clips. Then the participant had to first 
respond with the quantity of the clips hidden under the paper after the change, and then give the 
same number of clips to the researcher. The six addition and subtraction problems were: (a) 2+1; 
(b) 3-1; (c) 6-2; (d) 5+2; (e) 7+3; and (f) 8-3. Items 1, 3, 5, 7, 9, and 11 formed the Addition & 
Subtraction subtest. Each item was worth 1 point for correctly saying the result of the problem. 
Cronbach’s alpha internal consistency reliability of these 6 items was .77. Therefore, the score of 
the Addition & Subtraction subtest ranged from 0 to 6. Items 2, 4, 6, 8, 10, and 12 formed the Give 
a Quantity subtest. Each item was also worth 1 point for giving the correct number of clips that 
matched the answer the participant said. Cronbach’s alpha internal consistency reliability of these 
6 items was .80. Therefore, the score of the Give a Quantity subtest ranged from 0 to 6. 
General Statistical Analyses 
The next chapter presents the statistical analyses of the five research questions. ANOVA, 









This chapter describes the statistical results related to each of the research questions. The 
researcher conducted preliminary analyses for each of the statistical models presented below. The 
preliminary analyses included running tests to check violations of the assumptions underlying 
ANOVA and multiple regression. Any violations were explicitly stated in the analysis. In general, 
the researcher used a 2*2 mixed ANOVA model to examine Research Question 1 and 4, a paired-
sample t-test model to investigate Research Question 2, a multiple regression model to answer 
Research Question 3, and an average percentage model to explore Research Question 5.   
Research Question 1 
• Do the participants in the intervention group improve more on the post-assessment than 
their counterparts in the control group? Do the low-math intervention participants 
improve more on the post-assessment than their low-math control counterparts? 
Research Question 1 focused on examining the effect of the MA training, namely whether 
the participants in the intervention group improved more on the post-assessment than their 
counterparts in the control group. A 2*2*2 Mixed ANOVA was used to examine the interactions 
and main effects of treatment condition, math performance level, and time as they related to the 
scores on assessments. In the model, the within-subjects factor was Time (pre-assessment vs. post-
assessment), and the between-subjects factors were Treatment Condition (intervention group vs. 
control group) and Math Performance Level (low-math vs. high-math). Tables 5a and 5b 
demonstrate the mean assessment scores for each of the design conditions, and Figure 11 illustrates 







Mean Pre-Assessment Scores for Each of the Design Conditions 
                         Pre-Assessment  
  Treatment Condition 
  Control (SD) Intervention (SD) 
Math Level Low Math (SD) 17.429 (3.995) 18.214 (4.388) 




Mean Post-Assessment Scores for Each of the Design Conditions 
                           Post-Assessment  
  Treatment Condition 
  Control (SD) Intervention 
(SD) 
 Math Level Low Math (SD)  19.071(4.428) 26.643 (3.543) 






Figure 11. The pre-assessment and the post-assessment performances  
of the intervention group and the control group 
 
 
The results in Table 6 showed that there was not a significant 3-way interaction, F (1, 52) = 
1.245, p > .05. However, there was a significant 2-way interaction of Treatment Condition and 
Time, F (1, 52) = 113.717, p < .001, ƞp
2 = .686, indicating that the participants in the intervention 
group improved more on the post-assessment than their peers in the control group. The effect size 
(Cohen’s d) for the two groups on post-assessment was 1.189, showing that the MA intervention 
had a large effect on children’s math performance. There was also a significant 2-way interaction 
of Math Performance Level and Time, F (1, 52) = 8.134, p < .01, ƞp
2 = .135, the pattern of the cell 
means indicating that the low-math group improved more on the post-assessment than their peers 





and Treatment Condition, F (1, 52) = .089, p > .05, indicating that the assessment score patterns of 
the high-math and low-math groups did not differ in the two treatment conditions.  
Table 6 
Summary of 2*2*2 ANOVA for Time, Treatment Condition, and Math Level on Scores 
Effect df MS F p ƞ𝑝
2  
Time * Math Level * Treatment Condition (1, 52) 2.893 1.245 .27 .023 
Time * Math Level (1, 52) 18.893 8.134 .006** .135 
Time * Treatment Condition (1, 52) 264.143 113.717 .000*** .686 
Math Level * Treatment Condition (1, 52) 2.286 .089 .766 .002 
Time (1, 52) 497.286 214.089 .000*** .805 
Math Level (1, 52) 2880.571 112.461 .000*** .684 
Treatment Condition (1, 52) 424.321 16.566 .000*** .242 
 
Referring to Table 6, in addition to the interactions, there was a simple main effect for 
Treatment Condition, F (1, 52) = 16.566, p < .001, ƞp
2 = .242, indicating that the intervention 
participants outperformed the control participants in general. Post-hoc analyses by using Tukey’s 
honest significance difference (HSD) test further showed that the high-math intervention 
participants did not differ significantly with the high-math control participants on the pre-
assessment (p = .541), nor did the low-math participants of the two conditions differ (p = .575). 
However, the high-math intervention participants outperformed the high-math control participants 
significantly on the post-assessment (p < .001), and even the low-math intervention participants 
also outperformed the low-math control participants on the post-assessment significantly  
(p < .001). There was also a simple main effect for Math Level, F (1, 52) = 112.461, p < .001,  
ƞp





general. HSD test further indicated that the high-math participants in both treatment conditions 
outperformed their low-math counterparts significantly on both pre-assessment and post-
assessment (all four pair-wise comparison p values were smaller than .001). Moreover, there was a 
simple main effect for Time, F (1, 52) = 214.089, p < .001, ƞp
2 = .805, indicating that the 
participants’ scores on the post-assessment were in general higher than their scores on the pre-
assessment. The HSD test further showed that both the high-math (p = .27) and low-math 
participants (p = .6) in the control condition did not perform differently on their pre-assessment 
and post-assessment. However, both the high-math (p < .001) and low-math (p < .001) participants 
in the intervention condition performed significantly better on the post-assessment.  
Given the post-hoc analyses showing that both high-math and low-math intervention 
participants outperformed their corresponding high-math and low-math control peers significantly 
on the overall posttest, the researcher wanted to examine specifically the changes of the low-math 
participants in both treatment conditions for each of the seven subtests. Only the low-math groups 
were the focus of this set of analyses because: (a) those children need the most help; (b) it is worth 
investigating whether the MA training helped the low-math intervention children gain more on all 
seven subtests than their low-math control counterparts; and (c) it is necessary to show that the 
overall higher post-assessment performance of the intervention group was not just due to the 
contribution of the high-math intervention participants. Therefore, the researcher first used a 
median-split to divide all 56 participants into the high-math and low-math group for each of the 
seven subtests, and then compared the mean standardized gains of the low-math participants in 
both treatment conditions by subtests. Seven Independent Sample t-tests were thus run, and Table 





Six of the seven tests showed significant results, indicating that the mean standardized 
gains of the low-math intervention participants were more than those of the low-math control 
participants on most of the subtests. The only subtest on which the standardized gain scores of the 
two low-math groups did not differ statistically was the Compare Quantities subtest (p = .068).   
Table 7 
Independent Sample t-tests: The Seven Standardized Subtest Gains for the  
Low-Math Control Condition and Low-Math Intervention Condition  
 











   
 Intervention 14 .343 .363    
 Standardized Counting Gain    2.697 26 .000*** 
        
T-Test 2 Control 12 .153 .111    
 Intervention 12 .364 .265    
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 Intervention 14 .474 .25    
 Standardized Quantity D Gain    
 
5.595 25 .000*** 






In summary, a 2*2*2 mixed ANOVA was conducted to examine the effect of MA on the 
participants. As predicted, the 2-way interaction of Treatment Condition and Time showed that 
participants in the intervention group improved more on the post-assessment than their control 
peers. Specifically, the high-math intervention participants outperformed the high-math control 
participants significantly on the post-assessment, and the low-math intervention participants 
outperformed the low-math control participants on the post-assessment significantly as well. In 
addition, the significant 2-way interaction of Math Performance Level and Time indicated that the 
low-math group improved more on the post-assessment than their peers in the high-math group. 
Nevertheless, the low-math group still had lower assessment scores in general than the high-math 
group, as showed by the simple main effect for Math Level. There was not a significant 2-way 
interaction of Math Performance Level and Treatment Condition, indicating that the assessment 
score patterns of the high-math and low-math groups did not differ in the two treatment conditions 
(i.e., the pre-post performance difference for the high-math and low-math groups was the same 
regardless of treatment conditions). Further analyses of the standardized gain by subtests for the 
low-math participants in both treatment conditions showed that the low-math intervention 
participants improved more on all the subtests, except the Compare Quantities, than the low-math 
control participants.  
Research Question 2 
• On which subtest do the intervention participants improve most after the MA 
intervention training?  
Research Question 2 examined the extent to which MathemAntics training helped 
participants improve math performance on individual subtests. In order to explore the 





scores (scale 0-1) of the seven subtests. Table 8 shows the descriptive statistics. Inspection of 
means suggests that six of the seven means were similar in values (except the very small mean of 
Compare Quantities), with the mean of the Addition & Subtraction subtest gain being the largest.  
Table 8 
Mean and Standard Deviation of the Seven Subtests’ Standardized Gains 
 N M SD 
Counting 28 .367 .358 
Quantity Discrimination 28 .387 .401 
Numeral Identification 28 .417 .316 
Cardinality 28 .432 .451 
Compare Quantities 28 .182 .398 
Give a Quantity 28 .547 .355 
Addition & Subtraction 28 .562 .207 
 
A one-way ANOVA was run to compare the seven means, and there was a statistically 
significant difference among them, F (6, 189) = 3.434, p < .01. A Tukey’s post-hoc test (see Table 
9) revealed that the participants’ standardized Compare Quantities gains differed significantly from 
their standardized Quantity Discrimination gain, standardized Numeral Identification gain, 
standardized Cardinality gain, standardized Give a Quantity gain, and standardized Addition & 
Subtraction gain. Specifically, their standardized Quantity Discrimination gain was significantly 
smaller than the other five subtest gains, indicating that the intervention participants gained the 
least amount on the Compare Quantities subtest. Although the mean standardized Addition & 
Subtraction gain was the highest among the seven subtests, the post-hoc analyses only showed that 





intervention participants in general improved a similar amount on most of the subtests, except the 
Compare Quantities subtest.  
Table 9 
Post-hoc Comparisons of Subtests’ Mean Standardized Gain for the Intervention Participants 









 Numeral Identification -.05 .604 
 Cardinality -.064 .505 
 Compare Quantities .185 .058 
 Give a Quantity -.18 .064 










 Cardinality -.045 .646 
 Compare Quantities .205 .036* 
 Give a Quantity -.16 .1 










 Compare Quantities .235 .016* 
 Give a Quantity -.13 .182 










 Give a Quantity -.115 .235 










 Addition & Subtraction -.38 .000*** 
 
 
Give a Quantity 
 











In summary, the participants’ standardized Compare Quantities gain was significantly 
smaller than their standardized Quantity Discrimination gain, standardized Numeral Identification 
gain, standardized Cardinality gain, standardized Give a Quantity gain, and standardized Addition 
& Subtraction gain. This indicates that the intervention participants did not improve too much on 
the Compare Quantities subtest. In addition, the mean standardized Addition & Subtraction gain 
was the highest among the seven subtests, but post-hoc pairwise comparisons showed that it was 
significantly higher than only one subtest gain, the Counting subtest. 
Research Question 3 
• Which subtest on the pre-assessment can best predict the overall post-assessment 
performance? Which subtest on the pre-assessment can best predict the gain score (i.e., 
the score difference between the post-assessment and the pre-assessment) 
Research Question 3 aimed to explore the relationship between pre-subtest performance and 
overall post-assessment score in the intervention group. A multiple regression analysis was 
conducted to examine the degree to which the different subtests in the pre-assessment predicted the 
overall post-assessment performance. Subtest scores were weighted evenly on a scale of 0-1 as 
well as the overall post-assessment score.  
After checking all the assumptions of multiple regression, all seven pre-subtests (i.e., pre-
Counting, pre-Quantity D, pre-Numeral I, pre-Cardinality, pre-Compare Q, pre-Give Q, & pre-
Addition S) were eligible to be the predictors. The dependent variable was the overall post-
assessment score. A multiple regression with forward selection was run. Forward selection is a 
type of stepwise regression beginning with an empty model and adding in one variable at a time in 
each step to give the best improvement to the model. Tables 10 and 11 present the statistical results 





(p < .001), with 78.9% of the variance of overall post-assessment score explained. Then pre-
Compare Quantities, pre-Count, pre-Give a Quantity, and Pre-Quantity Discrimination were added 
into the model one at a time sequentially, with the final model being: weighted Overall post-
assessment score = .298 + .134 (pre-Numeral I) + .125 (pre-Compare Q) + .16 (pre-Counting) 
+ .182 (pre-Give Q) + .128 (pre-Quantity D). R2 was equal to .957, meaning 95.7% of the variance 
of overall post-assessment score can be accounted by the five predictors in the equation.  
These results showed that the combination of the participant’s scores on the pre-Numeral 
Identification, pre-Compare Quantities, pre-Counting, pre-Give a Quantity, and pre-Quantity 
Discrimination subtests predicted their overall post-assessment performance well. Among the five 
pre-subtests, pre-Numeral Identification was the strongest predictor.  
Table 10 
Multiple Regression Models for Pre-subtest Predictors and Post-assessment Score as DV 
 F df p R2 
Forward Model 
(DV: overall post-assessment) 
    
(Constant), pre-Numeral I 42.747 (1,26) .000*** .789 
(Constant), pre-Numeral I, pre-Compare Q 48.686 (2,25) .000*** .892 
(Constant), pre-Numeral I, pre-Compare Q,  
pre-Count 
42.946 (3,24) .000*** .918 
(Constant), pre-Numeral I, pre-Compare Q,  
pre-Count, pre-Give 
40.763 (4,23) .000*** .936 
(Constant), pre-Numeral I, pre-Compare Q,  
pre-Count, pre-Give, pre-Quantity D 
47.827 (5,22) .000*** .957 








Summary of the Coefficients for the Regression Analysis for Pre-subtest Predictors and  
Post-assessment Score as DV 
 
 Model 1 Model 2 Model 3 Model 4 Model 5 
Variable B SE B ß B SE B ß B SE B ß B SE B ß B SE B ß 
Numeral I .403 .062 .789*** .405 .046 .793*** .393 .042 .768*** .28 .059 .548*** .134 .067 .262 
Compare Q    .295 .064 .417*** .237 .061 .334*** .234 .056 .33*** .125 .058 .177* 
Count       .127 .047 .234* .133 .043 .245** .16 .037 .295*** 
Give          .118 .047 .286* .182 .045 .439*** 
Quantity D             .128 .04 .308** 
* = p < .05, ** = p < .01, *** = p ≤ .001 
 
 
The next set of analyses investigated the relationship between the pre-subtest performance 
and the weighted standardized gain score. The gain score was calculated as the difference between 
the weighted overall post-assessment score and the weighted overall pre-assessment score and then 
divided by the weighted possible gain (i.e., 
𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑃𝑜𝑠𝑡−𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑃𝑟𝑒
1 − 𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 𝑃𝑟𝑒
). Similarly, a multiple 
regression analysis was run. 
After checking all the assumptions, the seven pre-subtests (i.e., pre-Counting, pre-Quantity 
D, pre-Numeral I, pre-Cardinality, pre-Compare Q, pre-Give Q, and pre-Addition S) were still 
eligible to be the predictors. The dependent variable was the standardized gain. A multiple 
regression with forward selection was run. Tables 12 and 13 present the results of the two models, 
with pre-Addition & Subtraction added into the model first (p < .01, R2= .567) and followed by 
pre-Cardinality (p < .001). The final model was: Standardized Gain = .36 - .128 (pre-Addition S) 
- .109 (pre-Cardinality). R2 is equal to .687, indicating that 687% of the variance of the gain score 
can be explained by these two predictors in the equation.   
This set of results indicated that the combination of the participant’s scores on the pre-
Addition & Subtraction and pre-Cardinality subtests best predicted their gain scores. The pre-






Multiple Regression Models for Pre-subtest Predictors and Standardized Gain as DV 
12 F df p R2 
Forward model 
(DV: standardized gain) 
    
(Constant), pre-Addition S 12.341 (1,26) .002** .567 
(Constant), pre-Addition S, pre-Cardinality 11.159 (2,25) .000*** .687 





Summary of the Coefficients for the Regression Analysis for Pre-subtest Predictors and 
Standardized Gain as DV 
 
 Model 1 Model 2 
Variable B SE B ß B SE B ß 
Addition & 
Subtraction 
-.174 .05 -.567** -.128 .048 -.417* 
Cardinality    -.109 .041 -.415* 
* = p < .05, ** = p < .01 
 
 
In summary, a significant regression model was found to explain the relationship between 
the pre-subtest performance and the overall post-assessment score. Among the five pre-subtest 
predictors, the Pre-Numeral Identification subtest contributed most to the model, suggesting that 
participants who had more prior knowledge of identifying numerals were more likely to score high 
on the overall post-assessment after the intervention. In addition, a significant regression model 





standardized performance gain. There were two predictors in the model, with pre-Addition & 
Subtraction subtest being the stronger predictor, suggesting that participants who had less prior 
knowledge of simple addition and subtraction were more likely to have a higher gain after the 
intervention.  
Research Question 4 
 
• How does the low- and high-math participants’ training performance on the four MA 
activities change during the 4-week-intervention? 
The focus of Research Question 4 was to examine the changes of participants’ performance 
biweekly during the intervention training. Specifically, for each of the four MA activities, the  
27 participants were divided (median-split) into low-math or high-math groups, based on their 
Week 1 training performance on that specific activity. Using the standardized gain, the two groups 
were then compared on their Week 2 gain of that activity. Recall that Week 1 and Week 2 
problems were the same and more basic, while Week 3 and Week 4 problems were also the same 
but more challenging with higher numbers. The same comparison method was used to examine the 
two groups’ Week 4 standardized gain of each of the four activities (median-split based on Week 3 
training performance of each activity). The bar graphs in Figure 12 demonstrate the comparisons 
and the descriptive statistics. There seemed to be a pattern that both groups had a smaller 
improvement in Week 3 and Week 4 for all four activities when more challenging problems were 
provided. Although some error bars in Figure 12 showed that some data were more variable from 
the group means (i.e., large variance), it cannot be ignored that the biweekly standardized gain (on 
the scale of 0-1) for both groups on most of the activities was adequate, except for the More, Less, 










Figure 12. Bar graphs of low- and high-math groups’ biweekly standardized gain (by activities) 





The results of the eight one-way ANOVA tests (see Table 14) showed that the high-math 
and low-math groups did not differ too much on the biweekly gain of the four MA activities. 
However, there was a statistically significant difference between the high-math and low-math 
groups on the Week 3 and Week 4 Addition & Subtraction gain, indicating that the high-math 
group improved more on the Addition & Subtraction than the low-math group during Week 4.  
Table 14 
The Eight One-way ANOVA Tests with Math Level as IV and 
Biweekly Standardized Gain as DV 
 
DV df F p 
W1W2 Gain on Quick (1, 25) .014 .908 
W3W4 Gain on Quick (1, 25) 4.074 .054 
W1W2 Gain on Counting (1, 25) .245 .625 
W3W4 Gain on Counting (1, 25) .404 .531 
W1W2 Gain on MLS (1, 25) .15 .702 
W3W4 Gain on MLS (1, 17) .051 .824 
W1W2 Gain on Addition & Subtraction (1, 25) .192 .665 
W3W4 Gain on Addition & Subtraction (1, 15) 22.455 .000*** 
*** = p ≤ .001 
 
 
In summary, the intervention participants in general improved adequately on Quick!, 
Counting, and Addition & Subtraction, but not on More, Less, & Same. The statistical analyses of 
the high- and low-math intervention participants showed that the groups did not differ too much on 
the biweekly gain of the four MA activities. The only statistically significant difference was the 
Week 3 and Week 4 Addition & Subtraction gain, indicating that the high-math group improved 





Research Question 5  
• Which tools do the participants choose to use in the Counting activity and the More, 
Less, & Same activity? Which tool is most helpful to the participants’ performance? 
The focus of Research Question 5 was to explore the participants’ tool-use behaviors 
during Week 2 and Week 3. Tools that enabled key solution strategies, like lining up instruments 
in groups of up to five or pairing up instruments in vertical arrays, were made available to the 
children in the Counting activity and More, Less, & Same. Specifically, the participants were free 
to choose the line-up or the pair-up tool in Counting, and to select the line-up, the pair-up, or the 
scatter tool in the More, Less, & Same activity. Recall that each participant completed four 
problems in the Counting activity and four problems in More, Less, & Same activity for each 
session, and that each participant had three sessions per week. Combining Week 2 and Week 3 
sessions together, participants thus had 24 problems in which they could choose tools for help in 
each of these two activities.   
An average percentage model was used to describe the participants’ tool-use behaviors for 
each activity. Results of the tool usage in the Counting activity are presented first, followed by the 
usage in the More, Less, & Same activity.  
Use of Tools in Counting Activity 
Frequency of tool choice. To start, the researcher explored what tools the participants 
wanted to rely on to solve “how many” problems by specifically examining their first and last tool 
selection. The first selection may represent a child’s first impulse, and the last section may 
contribute more to the completion of the problem. Therefore, based on the notes taken during the 






training sessions and counted the number of times when each of the four possibilities in Table 15 
happened: Line-up used, Pair-up used, no MA tool but finger dragging used, and no MA tool or 
dragging used. In the activity, since the participants could still drag and count the instruments even 
when the two provided MA tools were not selected to use, the researcher reviewed the screen 
recordings and examined the number of times when the participants dragged the instruments to 
solve the problems instead of using the provided tools. This coding was so straightforward that 
obtaining inter-reliability was not necessary. Since each participant completed 24 Counting 
activity problems during Week 2 and Week 3, the researcher calculated the percent composition of 
each of the four possibilities. For example, % 𝑙𝑖𝑛𝑒𝑈𝑝 𝑢𝑠𝑒𝑑 =  
# 𝑜𝑓 𝑙𝑖𝑛𝑒𝑈𝑝 𝑢𝑠𝑒𝑑 
24
× 100. Then the 
researcher calculated the average percent composition of each of these four possibilities for all the 
participants who were in the intervention group. Tables 15a and 15b demonstrate a detailed 
breakdown of the participants’ average choice of tools in terms of the first selection and the last 
selection. Both analyses showed that the participants relied on MA tools very often (roughly 70% 
and 57%), and the line-up tool was favored much more than the pair-up; the participants 
sometimes used free dragging (roughly 19% and 31%); and occasionally they did not use any MA 
tools or free dragging (11%). The notable difference between the first selection and the last 
selection was that more free dragging occurred in the last selection (31%) than in the first (19%). 
The increase in the use of free dragging came from the decrease in line-up and pair-up use 







The Breakdown of the Participants’ Tool Choice Based on First Selection 
 Mean (Standard Deviation) 






No MA  
No Dragging 
Raw Frequency (SD) 11.51 (3.74) 5.23 (3.49) 4.48 (2.4) 2.68 (0.96) 




18.68% (10%) 11.24% (4%) 
 
Table 15b 
The Breakdown of the Participants’ Tool Choice Based on Last Selection 
 Mean (Standard Deviation) 






No MA  
No Dragging 
Raw Frequency (SD) 9.936 (3.77) 3.75 (2.24) 7.65 (3.04) 2.71 (1.01) 




31.09% (12.65%) 11.29% (4.2%) 
 
Accuracy of answers by tool choice. The researcher then continued to examine the  
effect of last tool selection on performance. In this analysis, only last tool selection was  
considered because the first tool selection should have been unlikely to have contributed  
to accuracy. Each participant’s accuracy of answers by tool choice was calculated as:   
# 𝑜𝑓 𝑐𝑜𝑟𝑟𝑒𝑐𝑡 𝑎𝑛𝑠𝑤𝑒𝑟𝑠 𝑤ℎ𝑒𝑛 𝑡𝑜𝑜𝑙 𝑢𝑠𝑒𝑑  
𝑇𝑜𝑡𝑎𝑙 # 𝑜𝑓 𝑎𝑛𝑠𝑤𝑒𝑟𝑠 𝑤ℎ𝑒𝑛 𝑡𝑜𝑜𝑙 𝑢𝑠𝑒𝑑
× 100. Then the researcher calculated the average accuracy of 
each tool possibility for all the intervention participants. Table 16 demonstrates the correctness 





children used their fingers to drag the instruments to figure out the total quantity. Specifically, the 
answers were always correct (100%) when free dragging was involved. The accuracy was also 
high when the MA tools were used, and the line-up correctness was a little bit higher than the  
pair-up correctness. In addition, the correctness was relatively lower when no MA tools nor free 
dragging was involved. 
Table 16 
Accuracy of Answers by Tool Choice Based on Last Selection 
Tool Choice Mean (Standard Deviation) 
 Raw Frequency Percentage 
MA Tool used   
Line-up 8.94 (0.74) 89.99% (7.45%) 
Pair-up 2.69 (0.23) 71.86% (6.13%) 
No MA Tool used   
Free dragging 7.65 (0) 100% (0%) 
No free dragging 1.83 (0.42) 67.59% (15.4%) 
 
In summary, when solving “how many” problems, the participants often preferred selecting 
the line-up tool as a start; sometimes they chose pair-up and free dragging; and very occasionally 
they did not use any MA tools or free dragging. Over the course of problem solving, some children 
who began with MA tools continued to use free dragging to finish solving the problems. The 
accuracy reached 100% correct when free dragging was involved. The accuracy was also high 
when the line-up and pair-up tools were selected. The relatively low accuracy occurred when 






Use of Tools in More, Less, & Same Activity 
Frequency of tool choice. The researcher also explored what tools the participants used to 
figure out “more or less” problems by focusing on examining their first and last tool selection. In 
this activity, there were three possibilities of the use of MA tools—lineup, pair-up, and scatter. 
Since free dragging was prohibited by the software this time, there was only one possibility of the 
non-MA tool condition: non-dragging. The researcher used the same method to calculate the 
participants’ average choice of tools in terms of the first selection and the last selection, and the 
results are shown in Tables 17a and 17b. Both analyses indicated that most of the time (62%), the 
participants did not use any MA tools. Occasionally, they selected the three MA tools, with the 
line-up being the most favorite, followed by the pair-up. Use of the scatter tool was negligible. The 
comparison between the first and last selection showed that occasionally (5%), children who 
started with the line-up tool changed to the pair-up tool at the end.  
Table 17a 
Breakdown of the Participants’ Tool Choice Based on First Selection 
 Mean (Standard Deviation) 
 Line-up Used Pair-up Used Scatter Used No Tool Used 























The Breakdown of the Participants’ Tool Choice Based on Last Selection 
 Mean (Standard Deviation) 
 Line-up Used Pair-up Used Scatter Used No Tool Used 

















Accuracy of tool choice. In terms of the average accuracy of answers by last tool choice 
possibility for all the intervention participants, Table 18 demonstrates the correctness of the use of 
MA tool and no tool. The results showed that the accuracy was high for all the conditions 
(≥71.9%), whether MA tools were used or not. Although the 100% correctness of the use of the 
scatter tool was striking, it was not very meaningful due to its negligible frequency of use 
mentioned earlier. The accuracy of the use of the other two MA tools was high and almost the 
same (roughly 80%). In addition, recall that the no tool condition played a big part in the frequency 
of tool choice in this activity. The important information here is that the participants exhibited 







Accuracy of Answers by Tool Choice Based on Last Selection 
Tool Choice Mean (Standard Deviation) 
 Raw Frequency Percentage 
MA Tool Used   
 Line-up 3.63 (0.32) 80.33% (7.24%) 
Pair-up 2.98 (0.3) 81.64% (8.12%) 
Scatter 0.4 (0) 100% (0%) 
No Tool Used   
No Tool 10.73 (2.76) 71.90% (18.51%) 
 
In summary, when doing “more or less” problems, the participants did not tend to use MA 
tools. When occasionally the MA tools were used, the line-up tool was favored more than the pair-
up, and the occurrence of the scatter tool use was negligible. The accuracy was always high, 









This study examined the efficacy of a research-based math software application on 
preschoolers’ number sense performance. This experimental study recruited 63 4- to 5-year-old 
children from a large preschool in New York; 56 of them completed the study. In the beginning, all 
participants completed a 46-item non-computerized number sense assessment and then were 
randomly assigned to either the intervention or the control group. Participants in the intervention 
group completed four MathemAntics activities 15 minutes a day, 3 days a week for 4 weeks. 
Participants in the control group stayed in their classroom and received general class instruction. 
At the end of the 4-week-period, all participants took the same number sense assessment they 
completed in the pre-assessment. ANOVA, multiple regression, and paired-sample t-tests were run 
to examine the effect of MA training on the participants’ math performance and their growth 
during the intervention training. In addition, an average percentage model was used to describe the 
participants’ tool-use behaviors. 
There were five major findings in this study. First, the intervention group improved more 
on the post-assessment than the control group. Second, the intervention participants’ mean 
standardized Addition & Subtraction gain was the highest among the seven subtests, and the mean 
standardized Compare Quantities gain was the lowest. Third, the combination of the participants’ 
scores on the pre-Numeral Identification, pre-Compare Quantities, pre-Count, pre-Give a Quantity, 
and pre-Quantity Discrimination subtests predicted overall post-assessment performance well, and 
pre-Numeral Identification was the strongest predictor. In addition, the combination of the 





their standardized overall gain scores, and pre-Addition subtest was a stronger predictor. Fourth, 
the intervention participants in general improved adequately on Quick!, Counting, and Addition & 
Subtraction, but not on More, Less, & Same. Lastly, during the training in Counting activity, 
participants liked to start with the MA tools and then relied on their fingers to finish solving the 
problems; in More, Less, & Same, participants did not choose any tool to help for most of the time. 
In the next section, the researcher further discusses, interprets, and explains the five major 
findings. Implications of these findings are also discussed. Then, the researcher summarizes the 
limitations of the current work and talks about the directions for future research on the efficacy of 
math applications. Finally, the researcher ends the chapter with a brief summary and general 
conclusion. 
Major Finding #1: The Intervention Group vs. the Control Group 
Consistent with the hypothesis, participants in the intervention group significantly 
outperformed their peers in the control group. Similar to the results of those promising math 
applications in the literature (Clements & Sarama, 2007; Schacter et al., 2016), this finding 
confirmed the effectiveness of MA in supporting young children to learn and improve their 
number sense skills. Based on Hill, Bloom, Black, and Lipsey’s (2008) effect size interpretation 
for normative change, the group difference effect size, 1.189, can be interpreted as participants in 
the MA group being 12 months in advance of their peers in the control group in terms of number 
sense skills. This result also supported previous literature by showing that children from 
disadvantaged socioeconomic backgrounds do have the potential to learn (Ginsburg, Lee, & Boyd, 
2008) and benefit from effective early interventions (Baroody et al., 2009; Jordan, Glutting, 
Dyson, Hassinger-Das, & Irwin, 2012). Furthermore, this finding contributes to the math software 





math application activities help economically disadvantaged preschoolers enhance number sense 
knowledge.  
In order to further show that the overall higher post-assessment performance of the 
intervention group was not just due to the contribution of the high-math intervention participants 
and the low-math intervention performers also had significant improvement, the researcher 
examined the standardized gain of the low-math participants in both treatment conditions (i.e., 
intervention vs. control) for each of the seven subtests. The seven Independent Sample t-test 
results indicated that the mean standardized gains of the low-math intervention participants were 
significantly more than those of the low-math control participants on six of the seven subtests. 
These results provide a valuable piece of information that MA was effective in helping low-
performing children to learn and advance. Most importantly, the improvement of those low-math 
children, the population that need the most help, was comprehensive. Those children did not just 
boost on one or two subtests; they improved on almost all subtests, indicating that MA, which 
covers the important interrelated foundations emphasized by Clements and Sarama (2009) to 
promote early school number learning. Hence, its role as an effective intervention for more 
children in other schools is promising. 
The plausible explanation for the result that the low-math intervention groups did not boost 
much on the Compare Quantities as the other six subtests is perhaps preschoolers still tend to rely 
on perceptual cues (e.g., density, size) rather than number information to compare two collections 
(Rousselle, Palmers, & Noël, 2004). They will then fail to get the correct answer when the quantity 
conflicts with its perceptual appearance (i.e., larger collection is more clustered and smaller 
collection spreads out). Since the intervention participants were not explicitly instructed to use 





most of the time so that they did not improve too much on this subtest. To them, relying on visual 
perception only takes seconds, and why would they want to take the effort to count? More support 
of this explanation is presented in Major Finding #5.  
It is worth mentioning that the low-math intervention group seemed to catch up with the 
high-math control group on the post-assessment (see Figure 11), supported by the results of a 
follow-up Independent Sample t-test showing that the low-math intervention group (M = 26.642, 
SD = 3.543) did not significantly differ from the high-math control group (M = 29, SD = 3.53) on 
the overall post-assessment performance (p = .09). This is the trend educators would love to see 
and find desirable. Schacter and colleagues (2015) in their Math Shelf study found that their low-
intervention children did not improve as much as expected. Their explanation was that perhaps 
Math Shelf advanced their low-performing children too fast; every low-performing child advanced 
to the next level of more difficult training (digit 1-6) on new skills like numeral identification and 
number magnitude after a short period of basic training (digit 1-3) on subitizing, counting, and 
cardinality (Schacter et al., 2015). By contrast, in this study, before moving up to the next more 
challenging level in Week 3, all intervention participants needed to be evaluated, and those who 
did not pass the norm-referenced evaluation received the same set of basic training problems for 
one more week and were re-evaluated at the end of that week to see if their new weekly 
performance reached the cut score. Therefore, it is possible that low-performing intervention 
participants in this study had more basic practice and built a stronger foundation for meaningful 
learning so that they gained substantially once they advanced. In addition, participants in the 
current study received trainings of all math skills starting from the very beginning. No new math 
skills were introduced when they advanced to the more difficult level, and the only difference 





Major Finding #2: Effect of MA on Number Sense Assessment Subtests 
In Research Question 2, the researcher examined the extent to which MathemAntics 
training helped intervention participants improve math performance on individual subtests. The 
results showed that the participants’ mean standardized subtest gains were adequate and not 
different from each other too much, suggesting that the intervention participants improved 
extensively. The only exception was that their mean standardized Compare Quantities gain was 
significantly smaller than their standardized Quantity Discrimination gain, standardized Numeral 
Identification gain, standardized Cardinality gain, standardized Give a Quantity gain, and 
standardized Addition & Subtraction gain. This indicated that the intervention participants did not 
boost a lot on the Compare Quantities subtest, which is consistent with Major Finding #1. The 
probable explanation is similar to what was stated above: preschoolers still tend to rely on 
perceptual cues (e.g., density, size) rather than number information to compare two collections 
(Rousselle et al., 2004). More evidence is provided later in Major Finding #5. 
Although the mean of the standardized Addition & Subtraction subtest gain was the largest 
of the seven means, post-hoc pairwise comparisons revealed that it was only significantly higher 
than one subtest gain, the Counting subtest. Therefore, we can only conclude that the trend is that 
the intervention participants improved most on the Addition & Subtraction subtest. Perhaps with a 
larger sample size and more/longer intervention training, the trend may become statistically 
significant in future studies. It is interesting to discuss why the intervention participants tended to 
improve most on the Addition & Subtraction subtest. Through the inspection of the means, the 
researcher found that the participants’ pre-assessment performance on this topic was the weakest, 
as compared to their performance on the other six topics, so that there was ample room to improve. 





information here is that their proportional gain on this topic (i.e., the standardized gain used in the 
analyses calculated as 
𝑃𝑜𝑠𝑡𝑆𝑢𝑏𝑡𝑒𝑠𝑡−𝑃𝑟𝑒𝑆𝑢𝑏𝑡𝑒𝑠𝑡
𝑃𝑜𝑠𝑠𝑖𝑏𝑙𝑒 𝐺𝑎𝑖𝑛
) was the largest among the seven subtest topics. They 
had ample room to improve and eventually reached their possible gain. This also further supports 
the effectiveness of the Addition & Subtraction activity in MA.  
The participants’ weak pretest performance on the Addition & Subtraction subtest could 
partly be due to the non-traditional format of the problems that they had never practiced as well as 
the challenge (i.e., working memory capacity) brought by the format itself. In other words, their 
limited prior knowledge of this addition and subtraction format resulted in low performance on the 
pre-Addition & Subtraction subtest. The format was based on the Zur and Gelman (2004) study, in 
which 3-year-olds were asked to predict the total quantity (objects are hidden) and then check the 
answer. Obviously, the participants’ poor pre-subtest performance did not mean they did not 
understand the format, because the improvement on the Addition & Subtraction subtest was huge 
after the 4-week training. This finding also supported Zur and Gelman’s results that preschoolers 
were able to understand the meaning of addition and subtraction (i.e., addition means more) and 
could make reasonable predictions; moreover, the predictions became precise after intensive 
practices.  
Major Finding #3: Prediction of the Overall Post-assessment and Gain 
The fundamental role of number sense knowledge in future school math achievement is 
unquestionable (Jordan, Kaplan, Locuniak, & Ramineni, 2007; Locuniak & Jordan, 2008). Thus, it 
is important and necessary to help preschoolers develop strong number sense skills. Research has 
suggested preverbal numerical change detection ability in infants predicted their number sense  
3 years later (Starr et al., 2013). Other early studies have shown evidence that prior knowledge of 





comparison skill in preschoolers (Mussolin et al., 2014). It seems that symbolic number knowledge 
and quantity comparison ability are both critical for developing number sense skill. Therefore, in 
the present study, the researcher explored the relationship between the prior knowledge of each 
number sense subtest and the overall number sense performance after intervention. The results 
were that the combination of the participants’ scores on the pre-Numeral Identification, pre-
Compare Quantities, pre-Give a Quantity, pre-Count, and pre-Quantity Discrimination subtests 
predicted their overall post-assessment performance, and pre-Numeral Identification was the 
strongest predictor, followed by pre-Comparing Quantities. The findings indicated that participants 
who had more prior knowledge in identifying Arabic digits were more likely to score high on the 
overall post-assessment after the intervention. In addition, more understanding of more & less, 
giving a required amount, counting, and comparing Arabic digits also helped them obtain a high 
score on the overall post-number sense assessment.  
Of the five subtests, two focused on symbolic number knowledge, and Numeral 
Identification was the strongest predictor. This finding supports the importance of numerical 
symbols in early math development. Early studies have indicated that the ability to recognize 
Arabic numerals and match them to their non-symbolic quantity mediates a preschooler’s informal 
math skills (i.e., counting) and later formal school math achievement (Purpura, Baroody, & 
Lonigan, 2013). In addition, other research has suggested that the ability to recognize and compare 
Arabic numerals at school entry is strongly associated with growth in arithmetic skills over 11 
months (Gobel, Watson, Lervag, & Hulme, 2014). This evidence, including the results of this 
study, all provide a crucial piece of information for early childhood educators that promoting 
number symbol learning by emphasizing multiple aspects of symbolic number knowledge is 





The researcher also investigated the relationship between the prior knowledge of each 
number sense subtest and the overall standardized gain on the number sense assessment after 
intervention. The findings showed that participants who had less prior knowledge of simple 
addition and subtraction and less understanding of cardinality were more likely to have a higher 
standardized gain score after the intervention. This result was consistent with Major Finding #2 
that intervention participants tended to improve most on the Addition & Subtraction subtest. The 
reasonable explanation for the lack of addition and subtraction knowledge leading to most 
improvement is similar to what was stated above in Major Finding #2—ample room to improve 
and effective Addition & Subtraction training in MA. 
A plausible explanation for the lack of prior knowledge of cardinality as the second 
strongest predictor for the overall standardized gain is that this concept is involved in almost all 
four MA activities (i.e., “how many,” “More, Less, & Same,” and “Addition & Subtraction”); 
undoubtedly, participants received much practice on that specific topic, so the chance to improve 
was high. In addition, this concept was also greatly involved in four of the seven number sense 
subtests (i.e., Cardinality, Comparing Quantities, Give a Quantity, and Addition & Subtraction) so 
that a large improvement in understanding cardinality should easily increase the overall number 
sense performance after intervention. 
Major Finding #4: Growth During Intervention 
Analyses of the low- and high-intervention participants’ biweekly training performance for 
each MA activity showed that the biweekly standardized training gain for both groups on most of 
the activities was adequate, except for the More & Less training. These results were unsurprising, 
as they were consistent with Major Findings #1 and #2, and further explained why the intervention 





that they were focused during the More & Less training, and it is just that they used perceptual 
clues when comparing quantities, as explained before. The discussion of the use of MA tools in 
Major Finding #5 demonstrates more evidence.  
The pattern that the intervention participants tended to have a smaller improvement in Week 
3 and Week 4 for all four MA activities is reasonable. Recall that more challenging problems with 
bigger numbers were provided to the intervention participants in Week 3 and Week 4, after they 
passed the Week 2 norm-referenced evaluation. The researcher calculated the weekly average 
training session length and found that the length of the training sessions in Week 3 and Week 4  
(M = 20.21 min, SD = 7.56 min) doubled the length in Week 1 and Week 2 (M = 11.61 min,  
SD = 4.19 min). The longer duration reflects the challenge the participants may have met in  
Week 3 and Week 4. Thus, it would take more effort and be more difficult for them to improve. It 
was impressive to see that the participants still made satisfying improvement on Quick!, Counting, 
and Addition & Subtraction (see Figure 12). Perhaps if given several more weeks of the advanced 
training, they would be able to improve by as much as they had gained in Week 1 and Week 2.  
The results of the one-way ANOVA tests showed that the high-math and low-math groups 
did not differ too much on the biweekly standardized gain of the four MA activities. These suggest 
that the MA activities are developmentally appropriate for both high-math performers and low-
math performers, and are promising in not only making the high performers even better but also 
helping the low performers catch up. Future studies can continue to examine the effect of MA on 
other populations, like high-SES children from private schools, and investigate which parts of MA 
and how MA make the learning occur. 
The only statistically significant difference between the high-math and low-math 





indicating that the high-math group improved more on the Addition & Subtraction than the low-
math group during Week 4. The plausible interpretation can be that the low-math performers were 
not as sophisticated as their higher-math performers on some basic numerical competencies like 
subitizing, counting, and comparing (which are all foundations of addition and subtraction in terms 
of young children’s math learning trajectory; Clements & Sarama, 2009). Thus, they would be 
more likely to struggle on advanced addition and subtraction problems, leading to difficulty in 
huge improvement within the short training period.  
Major Finding #5: Tool-use Behaviors 
In Counting Musical Instruments and More, Less, & Same, the children were provided with 
scaffolding tools like line-up, pair-up, and free dragging to facilitate counting. The researcher 
explored intervention participants’ tool use in terms of preference in selection, frequency of use, 
and accuracy in answers. When solving “how many” problems in Counting Musical Instruments, 
children preferred beginning with selecting the line-up tool (roughly 50% of the time). Sometimes 
they started with the pair-up (22%) and free dragging (18%), and occasionally they did not choose 
any MA tools, nor did they use their fingers to drag (10%). This pattern is reasonable, as the 
method organizing the objects into a row is effective in reducing partitioning errors (Clements & 
Sarama, 2009). Plus, lining up is normally the most familiar strategy for young children, given the 
class instruction they receive at school. Although pairing up objects is efficient for promoting skip 
counting and shortening the time cost by half, the participants in this study used it only for 
organizing, not for performing skip counting. The participants were still developing their counting 
skills, and trying to get it right was their focus rather than doing it right and quickly. Therefore, 
this explained the lower frequency of selecting the pair-up tool as a start. Although free dragging 





tools (roughly 70% of the time). The reasonable explanation was that the action of organizing the 
objects by using MA tools was simultaneous (Ginsburg, Wu, & Diamond, 2019), making things 
much easier, especially when the quantity is large. Therefore, it was likely that the children 
decided to use free dragging when the quantity was small, but relied on MA tools as a start when 
the quantity was large. This explains the lower frequency of the use of free dragging. A follow-up 
brief review of the screen recordings supported this possibility by showing that (a) the participants 
tended to use the MA tools more as a start in Week 3 for quantities ranging from 10 to 20; and  
(b) free dragging was mostly selected in Week 2 for quantities ranging from 1 to 10. It was 
interesting that occasionally, children did not use any MA tools or free dragging. As a reasonable 
explanation for this, no external assistance is needed because young children have the ability to 
recognize the number of objects in a small set (e.g., 1, 2, or 3) without counting. Examination of 
the screen recordings showed that this mostly happened in Week 2, when the quantities were 
smaller than five. There was also a possibility that they may have pointed to the screen without 
touching it so that the screen recording did not capture any movement.  
Over the course of problem solving, interesting things happened. Some children who began 
with MA tools continued to use free dragging to finish solving the problems. It seemed that they 
first utilized the simultaneous action of the MA tools to help them organize the scattered objects 
and then relied on gesture (i.e., touching and dragging) to facilitate the accuracy of their counting. 
Early research has suggested that touching the objects while counting not only helps to keep track 
of counted objects, but also facilitates one-to-one correspondence when assigning the number 
words to the object being counted, resulting in higher accuracy (Alibali & DiRusso, 1999). The 
current findings on accuracy supported the evidence by showing that the answers to the problems 





(roughly 80% of the time) when the MA tools were used, confirming that external support like 
assistance in organizing facilitates accurate counting (Clements & Sarama, 2009).  
Intervention participants’ tool-use behaviors were different in More, Less, & Same. 
Roughly two-thirds of the time, the participants did not use any MA tools (free dragging was 
prohibited here). This means it was very likely that they relied on visual cues to figure out more or 
fewer, as early studies have shown evidence that preschoolers still tend to rely on perceptual cues 
rather than quantity information to compare two collections (Rousselle et al., 2004). Therefore, 
they relied on perceptual information most of the time to solve those “easy-look” problems 
quickly, and around 70% of the time the answers were correct. This acceptable training 
performance achieved without much effort may explain the intervention participants’ mediocre 
performance on the post-Compare Quantities subtest. The high accuracy suggested that using 
perceptual cues can definitely help children perform above by chance, but solely relying on 
perceptual information will not be as accurate as using counting to compare, especially with larger 
numbers. Hence, this resulted in the occurrence of incorrect answers (30% of the time) when the 
“easy-look” problems were in fact misleading (e.g., a larger collection is more clustered and a 
smaller collection spreads out) or when the participants may have just guessed. Looking at the 
other one-third time when MA tools were selected, the line-up tool was slightly more favored than 
the pair-up. The accuracy rate was a little higher (roughly 80%) than when MA tools were not 
used. This suggested that organizing the objects may sweep away those misleading perceptual 
clues with the result that accuracy improved. But why is the accuracy rate not close to 100% if the 
conflict between the numerical quantity and the perceptual appearance has been resolved? It is 





also likely that some children forgot the instruction (i.e., touch the “more” side or the “fewer” 
side), as young children have not yet fully developed their working memory ability.   
Limitations and Future Research  
The current study had limitations. First, the sample size of the study was not ideal due to 
time and cost issues as well as the constraints of the school calendar. Although the current sample 
size met the minimum requirement for conducting statistical analysis, a larger sample would have 
reduced the weight of the outliers in the sample, so that the statistical analyses would be more 
precise and the generalizability would be better. Second, classroom effects were not taken into 
analytical consideration in the current study concerning the small sample size recruited from each 
classroom (i.e., around 10 children) as well as the small sample size of the total number of 
classrooms (i.e., five classrooms). Lastly, given the constraints of the school calendar, this study 
did not have a chance to examine whether the gain in number sense knowledge by playing MA 
would persist or change over time. 
Regarding the above limitations, future studies can use a large sample and account for 
classroom differences. In addition, a larger scale study can be conducted to examine whether the 
effect of MA can be generalized to other schools and demographic populations. Also, future 
studies can consider using different comparison groups (i.e., control) to replicate and further 
examine the effect of MA, such as comparing the MA intervention group with other commercial 
math applications, or more “standard” class instruction on the same topics. Moreover, future 
studies can include a delayed post-number sense assessment to examine the continuing effect of 
the knowledge gain. Earlier research has suggested the lasting role of early number sense skills in 
future math achievement (Duncan et al., 2007; Romano, Babchishin, Pagani, & Kohen, 2010), so a 





field. Furthermore, future studies can examine how to use MA activities as a supplement to the 
general classroom instruction and examine its ecological validity. A model example is Building 
Blocks (Clements & Sarama, 2007), in which the software was used as a supplement in a well-
designed math curriculum covering both number and geometry topics for preschoolers. 
Additionally, future studies can explore the different ways of implementing MA, like having the 
whole class use MA, or having the teachers take it over and apply it in any way they consider 
appropriate. Furthermore, future research can draw attention to the role of MA in promoting 
positive math interactions at home. 
General Implications 
Given the limited amount of evidence-based math software showing effectiveness, the 
current findings provide direct evidence for demonstrating that MA helped in developing engaging 
as well as meaningful learning of number concepts. These results have implications for researchers 
and designers to stimulate their thoughts about how to design a developmentally appropriate and 
research-based math software targeting young children that is effective; what core research basis 
should be relied on; what design principles should be included; and which math concepts and how 
many of them should be covered. Therefore, this study draws awareness to the current situation of 
application design and promotes the development of the design of more effective math software. 
In addition, the results of this study have implications for educators and teachers who work 
closely with preschoolers, especially those children from socioeconomically disadvantaged 
families. MA was not designed to be used by children on their own (Ginsburg, Wu, & Diamond, 
2019). Although limited interaction and guidance were provided in this study, there is no doubt 
that adult expertise matters, and the more professional guidance is provided, the more efficiently 





supporting normal classroom instruction when integrated well, such as during picture-book reading 
and activities with physical manipulatives. The researcher also envisions MA’s position in direct 
instruction. For example, preschool teachers can start with introducing some unfamiliar words like 
“frog” and “pond” to the whole class and then demonstrate the basic features of Counting Frogs in 
a Pond by emphasizing the verbal counting as well as the written numerals when the frogs jump 
into and out of the pond. Then the teachers can break up the class into small groups and raise open-
ended questions like “Why did the number change?” to promote children’s understanding of 
numbers, followed by asking children to draw their own “frog” stories. Finally, the teachers can 
end the class by inviting children to explain their drawings and the math ideas embedded in them 
(Ginsburg, Wu. & Diamond, 2019). Therefore, MA can serve those children and public preschools 
who need the most help and resources. Hence, the results of this study call the attention of 
researchers and educators to how to apply effective math software in school settings.   
Furthermore, the designers of MA did not solely place MA’s role in school settings. Not 
only teachers but also parents may use MA to promote their children’s math learning. Since 
research has suggested the positive relationship between parental involvement and children’s math 
achievement (Lefevre et al., 2009), the MA activities have the potential to serve as the materials 
for effective home math activities that promote positive math attitudes as well as interactions in 
which number sense learning takes place. Considering the possibilities that some parents may not 
be comfortable in dealing with math teaching and learning, creating MA guidelines for parents will 
be essential to help them use MA effectively with their children.  
Conclusions 
The current study aimed to examine the efficacy of a research-based math software 





results confirmed the effectiveness of MA in supporting young children to learn and improve their 
number sense skills, by showing that the intervention group who received MA training 
outperformed the control group who had normal classroom instruction on number sense 
assessment.  
The results provided direct evidence for demonstrating the efficacy of MA and added 
valuable information to the field of math software design. The study’s results also suggest that in 
the future, researchers may examine how MA activities can be effectively integrated into the math 
curriculum and whether home math activities can be developed to support math learning as well as 
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